
MONTHLY WEATHER REVIEW 
Editor, W. J. HUMPHREYS 

CLOSED FEB. 3, 1932 
DECEMBER, 1931 ISSUED MARCH 10,1932 

VOL. 69, No. 12 
W. B. No. 1066 

ON THE WATER VAPOR IN THE ATMOSPHERE OVER THE UNITED STATES EAST 
OF THE ROCKY MOUNTAINS 

By LOUIS P. HARRISON 
[Aerological Division, Weather Bureau, Washington, D. C.] 

PeOe 
I. Purpose of investigation _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  449 
11. Theory of method _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  449 
111. The empirical data _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - - - - - - -  451 
IV. Computation of constants of the equations _ _ _ _ _ _ _ _ _ _ _  452 
V. Discussion of formulae; causes of errors, etc _ _ _ _ _ _ _ _ _ _ _  460 
VI. Comparative study of the data: Seasonal and geo- 

raphica l - - - - -__ - - -_ -_ - - - - - , -__ - - -__ -_ - - - - - - - - - - - -  467 
VII. 5 u m m a r y _ _ - _ _ _ _ - _ - _ - - - - - _ - - - - - - - - - - - - _ - _ - _ _ _ - - _  471 

INTRODUCTION 

CONTENTS 

I. PURPOSE OF INVESTIGATION 

The purpose of this investigation is threefold: 
1 .  To provide a practical method of computing the 

total mass of water vapor in the lower strata, i. e., to.3 
or 4 kilometers, of the atmosphere based upon certam 
surface observations. 

2. To deduce empirical equations based upon the mean 
values of available data for the lower strata for purposes 
of extrapolation to obtain tentative approximations of 
the mass of water vapor in the higher layers of the tropo- 
sphere. 

3. To ascertain and study the average distribution of 
water vapor in the lower strata of the atmosphere over 
the United States east of the Rocky Mountains. 

11. THEORY OF METHOD 

1 .  General theory.-From the gas laws, the mass of 
water vapor contamed in a cubic meter of space is given 
bY 

= 0.79507 =absolute humidity, ernn. 1.060 l+cuf 
grams/cu. m. 

where e =vapor pressure in units indicated (mm. of mer- 
cury, or mb.). 

0.00367. 

t = temperature in :C. 
a = thermal coefficient of cubical expansion, 

If e,=vapor pressure a t  the surface station, we may 
write for the absolute humidity a t  any height, h, 

(1) 

(1') 

W A  = Ke, (3 grams per cubic meter 
1 + d h  

or 
W A  = Ke, j A  grams per cubic meter 

where we define fr= and where K has the value 

100220-32-1 

1.060 when e ,  is expressed in millimeters of mercury, and 
the value 0.79507 when e ,  is expressed in millibars. The 
subscript h refers to the height a t  which the data are 
determined. The mass of water vapor in a layer of 
infinitesimal thickness dh and unit area is 
(2 1 d S =  Wh dh grams, 
whence St, the total mass of water vapor contained in 
a column of air 1 square meter in cross section and ex- 
tending from h = a to h = b in meters above sea level, is 

h=b 

Substituting equation 1 in equation 3 we get, 

(4) 
J h - a  

or 
(4') St= K e ,  F: grams, 

where by analogy we define E =  

the sub and super scripts referring to limits of integration. 
From the empirical studies of Harm (l), Siinng (2) 

and others, it has been shown that for average conditions 

the ratio c:) is nearly constant for each height for 

widely differing geographical locations, and that it is 
independent of the value e,. Hence we may express this 
value as a function of height, 

(5) cz) = q h ) .  

Likewise with suitable restrictions upon place and time, 
for average conditions, we may express t h as a function of 
height , 
( 6 )  th'$'(h) - 
Hence it follows that with the proper restrictions, for 
average conditions, we find S to be a function of height, 
thus 

(7 ) 

I t  is clear that to determine the mass of water vapor in 
the given column of air of unit cross-section, we may 

449 
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either compute the, value of the integral by numerical 
integration of equation 4,  making use of empirical data, 
or we may obtain the functions O(h) and #(h)  and inte,- 
grate formally as indicated in equation 7. 

2. L4pplication. to the lower. strata.-From what, has been 
stated a.bove, in the case of numerical int.egration of equa- 
tioii 4 where, empirical data are available, for a given place 
and season we should find t,he value, of t,he integral to 
be a constant for a given height' of column ( b  - a ) ,  under 
average condit,ions. 

The evaluation of a sufficient number of such integrals 
for various places and seasons thus affords a simple 
means of computing the value Si, provided that, simple 
correc.tions t'o t8he values of the integrals may be found 
for places at  heights above sea level different from those 
of t,he base. stations, and provided also that geographic. 
interpolations of the integrals are permissible. Under 
t8hese circumstanc.es the value e, is determined curre.ntly 
and the value, 8:: t,hus computed is an approximatmion 
to t8he mnss of wate.r vapor in the given c.olunin of air. 
The act,ual value of t.his variable differs from the, com- 
p t e d  value depending upon the devintion of the current. 
value of the integral 1: froni its average value. Ot.her 
fact,nrs which may introduce errors will be disc,ussed in 
a later swtion (V). 

The practicability of employing t,he alternative me,t,hod 
of finding the value of the integral (i. e., det,erinining the 
required f~nct~ional relationships) depends t>o a great, 
estent upon the coniplesity of t,he relationships and their 
vnrinhility wit,h t h e  and place. As may be seen from 
t.11e dat,s presented in the following section, the :tctual 
relationships differ in many small details both with 
respec,t to geographic location and to se.ason. For prac,- 
tical purposes it is not essential to be able to reproduce 
t$e e,inpiricnl vithies 

by means of an analytical function, if we have available 
einpirical curves of this function plotted against height, 
or values of the areas under these curves for suitable 
limits. Therefore it hns been decided to employ this 
method to determine the values of the integrals €or the 
lower strata of the atmosphere where considerable obser- 
vational data are available. 

3 .  Application to the higher strata.-Thus far, at  least 
three empirical equations have been deduced, giving the 
average value of the ratio - as a function of height. The 
well-known equation of H a m  (loc. cit.) based largely 
upon nbservations inndr at mountain stations gives 

(.: 3 
(s j 

where h is the height in meters above sea level at which e h  
is the vapor pressure, and e,, is the vapor pressure at  sea 
level. 

The equation deduced by Suring (loc. cit.) for the free 
air is 

where It is here espressed in kilometers. 
Siring in the work previously mentioned, on test,ing 

the applicability of Hnnn's equat8ion for values in t,he 

free air found that the use of one constant such as 6,500 
gave values which were too great above 1 kilometer. 
However, by dividing up the height into several layers 
and using an appropriate constant for each layer, the 
data might be represented fairly closely by this equation. 
Thus i t  is stated in the Lehrbuch der Meteorologie of 
Hann and Suring (fourth edition, p. 244), that "For 
heights as high as 4.5 km., balloon observations show the 
constant to be 5,250 ni. with good agreement; from 4.5 
to 8 h i .  the constant is 3,550 in. on the average. (4,150 
in. is found as the general average)." 

On the basis of one year's observations a t  the 
Preussischen deronau tischen Observlttorium at Linden- 
berg, Hergesell (3) hns found e,, ns a function of tem- 
perature and therefrom, eh as a function of height. He 
finds 

0 10.231 (k- &) 
(10) (3= 
where 

t,=temp. in "C. a t  height h. 
t ,  = temp. in "C. a t  the surface of the earth. 

T,=nbsolute temp. ( 2 7 3 f t )  OK. at height h. 
T,  = tLhsolute teinp. (273 + t )  "K nt surface. 

Espressing ($,) 9s a function of height he finds for 

Lindenbq.  

where h =height above sea level in kilometers. Equation 
10 showed good agreement with the means of observations 
a t  Batavia, except for values near the height 1.75 kni. 
It was noted in this work that the datu would have been 
fit more closely by the use of a third-order polynomial 
instead of one of the second order as shown. 

Since the vnlue (1 + a t h )  does not differ very greatly 
from unity for teinperatures in the t>roposphere, it is to be 
espected from the foregoing that only a first approximn- 

(9 tion to the function f h =  2- is to be obtained by the 

use of nn esponentinl function of the type given by 
Hann, nnd that closer approximation is obtained by the 
use of a higher polynomial in the expression. In  this 
connection is may be noted that the evidence a t  hand 
shows quite conclusively that in general a Hann type 
equation gives values which are much too high a t  heights 
above 5 km. Thus in one set of data tried, such an 
equation gave \dues of the function at  10 kni. equivalent 
to 200 per cent relative humidity. 

Data based on a number of sounding balloon flights 
ninde in the United States showed for the interval 4-7 
km. thnt the average variation of the function f h  with 
height could be represented fairly well by means of a 
second-order exponential function. A greater intervnl 
wrns not used since the hair hygrometer rendings for 
greater heights were increasingly doubtful due to lag in 
the hygrometer elements (4). 

Estrnpolation of the function j h  in question by means 
of n second-order exponential expression is found to give 
rensonnble vnlries for high levels Ui the great majority of 
cnses. The integration of the resulting function provides 
a mems of obtaining the approximate mass of water 

1 +at* 
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August, 1918 

November, 1915 
hIarch, 1921 
January, 1918 

vapor in the higher strata for which relatively few or no 
reliable observations a.re available. 

- 
February, 1929 

March. 1826 
February, 1929 
February, 1929 

111. THE E M P I R I C A L  D A T A  

The data used were obtained from the mean seasonal 
values of free-air vapor pressures and temperatures, for 
the stations shown in Table 1. In general, one observn- 
tion was attempt,ed each day. 

TABLE 1 .-Sources of observations 

Broken Arrow, 

Brexel, Nehr ... 
Due West. S. C .  
Ellendale, N.  

Cfroesheck, Tex. 
Leeshurg. Ga ... 
Naval Air Sta- 

tion. Wash- 

okia. 

Dak. 

r n . 1 0 '  
'233 36 02 

396 41 20 
217 34 21 
444 45 59 

141 31 30 
8s 31 47 , 38 54 

ington, D. C .  
ROY81 Center, 

Ind. 
235 

Lon@. 
tude 
W. 

__ 
0 1  

95 49 

m 16 
82 22 
98 34 

8 8 2 8  
54 14 
57 03 

6 6 2 9  40 53 

Period of ohservationa (inclusive) 

October, I918 
March, 1919 
July, 1925 

From- I Tw- 

February, 1929 
June, 1920 
February, 1929 

Season 

Spring _______.._______ 

Summer ._...._.__.___ 

Autumn __....._._._.. 

Winter __...._______.. 

I 
Surface 

~ 

Mean Mean 

preo pera- (9 face 
vapor tem- nat'on pur- 

sure ture 

Altitude above sea level, meters 

250 500 550 1,000 1,250 1,500 2,000 2,500 3,000 3,500 4,000 4.500 5,000 5,500 6,000 6.500 7,000 

a 0.9478 0.9395 0.8339 0.7518 0.8875 C. 6181 0.6488 a 4332 a 3437 a 2783 0.2288 a 1841 0.1479 *O. 13x1 O.l(w5 _._____ ..-.... _._.___ 
b 758 778 778 774 769 740 695 586 455 330 192 90 40 14 6 .__.__. ....... ....... 

23.21 28.1 a 0.9128 0.8050 0.8088 0.7324 0.6686 0.6077 0.5488 0.4421 a3502 0.28a) 0.2251 0.17813 0,1401 0.1121*0.1082 0.1028 0.1002 ....... 
6 888 888 6% 884 676 639 597 501 405 219 161 70 33 8 3 2 1 .._.._. 

13.80 16.6 a 0.9428 a9360 a8458 0.7886 0.7089 0.6445 0.5781 0.4476 a3434 a 2384 0.2108 0.1536 0.1166 *0.0887 0.0910 __.____ ....... ....... 
b 762 762 762 760 744 725 662 580 454 315 192 91 37 8 2 ____.__ -....-. -...... 

6.08 4.1 D 0.9852 a9772 a8738 a7853 0.7105 0.6374 0.5729 a4823 0.3848 0.3247 0.2771 0.2357 0.1934 0.1841 0.1392'0.0862 ..__.......... 
b 775 773 772 766 749 708 w 530 411 ne 158 91 39 14 6 1 __._... ____... 

July, 1918 February, 1828 

Length 
of 

record 

Yra. 3fos.  
10 7 

10 5 
8 0  

11 2 

10 5 
1 4  
3 8  

10 8 

-411 of these stations with the exception of the naval 
air station at  Washington, D. C., made the observations 
by means of kites and captive balloons. The latter 
st ation employed airplanes. Observations a t  the kite 
stations were usually begun between 7 and 8 a. m., local 
standard time, and generally lasted from 2 to 3% hours. 
More or less variation in the time of beginning an ob- 
servation was practised. In some cases launching of 
kites occurred before 7 a. in., and in others as late as 
10 a. in. A small proportion of the flights were made 

during the afternoon. Airplane observations at  Wash- 
ington, D. C., during the period covered by the data 
showed no great regularity with regard to time of be- 
ginning. The flights in this case usually were started 
between 8 and 9 a. m., and lasted from 15 to 30 minutes. 
The dat,a may thus be considered as representat,ive of 
early to niidmorning conditions. 

The values of t,he function 

1 e)}  
1 + ath 

given in Table 2 were computed from corresponding 
seasonal means of vapor pressure and temperature, re- 
spectively. The seasonal means were computed from 
monthly means, each month's means being given equal 
weight. Each season was considered to be of three 
months duration, as follows: 

March. 
Spring Bpril. 

June. 
Summer July. IMay- August. 

Sep teniber. 

November. 
December. 

February. 

Autumn October. 1 
I Winter January. 

The method of differences was used in computing all 
means, i. e., the arithmetic mean of the surface values is 
first obtained, then the mean differences from level to 
level of daily or monthly observed values are computed 
and finally added successively to the surface mean to 
give the means for the various levels. 

Table 2, which follows, also indicates the total number 
of daily observations upon which the computed values of 
the function are based. The seasonal mean surjace 
vapor pressures and temperatures are tabulated in the 
first two columns. 

TABLE 2.-Seaso?iaZ values of the function f h =  { (2) } 
l + a t h  
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Spring _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6. 29 5.6 a a 9788 _ _ _ _ _ _ _  0.9545 0. PAM 0.7675 0.7039' 0.61% a 53081 0.4311 0.31143 0. nss 0. 0.16% 0.1279 '0.0952 
b 949-..--.. 948 945 931 851 730 580 415 252 130 66 20 6 

summer _ _ _ _ _ _ _ _ _ _ _ _ _ _  15.a a. o a a 9316 _ _ _ _ _ _ _  0.8049 0.7979 0.7214 0.6gl 0.5903 0.47w 0.3957 0.3208 0.2831 0.2174 0. im 0.1524*0.1423 
548 403 288 148 64 13 4 

928 _ _ _ _ _ _ _  928 925 0171 ' 8901 847 738 590 444 294 162 59 26 17 

b 910 _ _ _ _ _ _ _  910 910 900 
0.9770 _ _  _ _ _ _ _  0.9579 0.8749 0.7995' 0 7254' 0.6578 0.5466 0.4571 0.3810 0.3101 0.2529 0.2043 0.1544 0.1224 

1.0385 _ _ _ _ _ _ _  1.0178 0.9681 0.9219 0. %it? 0.8354 0.7145 0 5984 0.47GQ 0.3666 0.2897 0.2461 0.1890 0.1436 
949-.. _.__ 947 946 5291 8881 843 7281 ' 584 395 216 95 32 9 5 

hutumn _________.__._ 7.51 6.4 a 

Winter _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _  2.50 -10.1 

I I ,  
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0.0589 0.0655 0.0637 

0.13% _ _ _ _ _ _ _  ____.__ 
3 2 1 

2 _ _ _ _ _ _ _  _ _ _ _ _ _ _  
4 2 1 

0.1001*0. 0891 0.0640 

'0.1364 _ _ _ _ _ _ _  ____.__ 
1 .._____ ...___. 

DECEMBER, 1931 

I 
Spring ._______.___.___ 15.43 17.9 a 

Summer .... ______.___ 25.19 26.4 a 0.9117 0.- 0.8082 0.7136 a6x)6 0.6507 0.4923 0.3967 0.3238 0.2662 0.2191 0.1807 0.1463*0.1311 

0.9384 0.9010 0.8144 0 7375 0.6545 0.%83 0.4W 0.'3589 0.2833 0.232s 0.19221 0.1619 0.1380'*0.1341 0. laoB 
b 833 632 830' . 816 785 743 693 581 14 4 

b ib5 755 753 695 652 59s 454 ':I :I 6 ______. 

G96 643 592 494 3% 278 154 84 35 13 4 b 

b 

Autumn .____.._____.. 17.21 188 R 0.6744 0.5989 0.5330 0.4099 0.3160 0.2416 0.1928 0.1603 0.1215 0.1013 0.0767 

Winter _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _  9 . X  9.0 n 0.6953 0.6228 0.5495 0.4300 0.3491 0.2842 0.2304 0.1984 0.1661 0.1424 
762 708 650 552 4B31 299 1631 79, 431 21 6 

TABLE 2.-SeasonaZ values of the function j h  

.._____ _ _ _ _ _ _ _  .._____ 
--_-.__ _ _ _ _ _ _ _  _ _ _ _ _ _ _  

___________.________________ 
___._._ _ _ _ _ _ _ _  _ _ _ _ _ _ _  
____.._ _ _ _ _ _ _ _  _ _ _ _ _ _ _  

1 1 1 
0.1225*0.ll!Z7 0.1068 0.1031 

_ _ _ _  _ _ _  _ _  _ _ _ _ _  _ _ _ _ _ _ _  

DUE WEBT. 8. C. (Surface altitude 217 m., m. s. I.) 

Spring ____________.___ 9.771 12.1 (I 0.9576 O.BB80 0.775? 0.8613 0.6376 0.5802 0.5195 0.4550 0.3632 0.2547 0.2322 0.1746*0.1?10 0. OiW 0.0502 

175 175 175 171 169 165 161 144 127 108 38 30 2 1 1 

185 185 183 183 181 175 169 151 120 91 35 17 1 1 _ _ _ _ _ _ _  
149 149 146 146 144 142 139 124 lU3 60 19 12 2 _ _ _ _ _ _ _  .______ 

Bummer __________.___ 21.70 24.2 a 0.9184 0.W82 0.7491 0.6758 0.6143 0.5615 0.5195 0.4370 0.3448 0.2616 0.2001 0.1463 *O.OiOS O.(n74 0.0114 

Autumn 13.49 14.6 a 0.8491 0.8669 0.7808 a 7269 0.6738 0.6230 0.5708 0.4599 0.3553 0.263 0.1936 '0.1325 0.0899 0.WO .______ 

Winter ___________.___ 4.87 1.3 a 0.9953 0.9260 0.8523 0.7888 0.7393 0.6853 0.6327 0.5390 0.4545 0.3655 0.M4 *0.2459 0.2155 _ _ _  __.. ____.__ 

6 1 4 5  7 2 i b 175 176 176 174 171 168 162 146 120 

b 

b 

b 

SurIace Altitude above 888 level, meters 

Desk- 
Season Mean Mean nation. 

0.0286 ...____ _...___ 
1 1  .________..___ 

___..-. .______ ._.__. ~ 

_ _ _ _ _ _ _  _ _ _ _ _ _ _  ...____ 

_ _ _ _ _ _ _  .._____ __.__.. 

____.__ ...____ ___..__ 

___._ ~- ....--- __._ ~ . -  

_ _ _ _ _ _ _  ._.___. ....-.- 

Spring ________._.___._ 

Summer .... .____ _._._ 

Autumn .... ....____._ 

Winter ...-. _.____.___ 

10.2 a 0.9639 0.9492 0.8269 0.7437 0.6754 0.6111 0.5541 0.4636 0.3520 0.2775 0.2236 (11814 0.1637 *O. 1364 0.1272 0.1120 _ _ _ _ _ _ _  
23. 1 a 0.9209 0.9060 0.8071 0.7415 0.6M2 0.6271 0.5631 a4382 a3258 0.2479 0.1875 0.1458 *0.1238 0.1101 0.1051 0.0671 ~ _.____ 

0.9555 0.9450 0.8479 0.7757 0.7043 0.6341 0.5869 a4485 0.3528 0.2828 0.2265 0.1@40 0.1345 *0. ll? 0.0858 ~ __.___ .._____ 

773 752 729 680 634 5m 370 208 98 31 7 1 .__.___ ..... _ _  _ _ _ _ _ _ _  0.8834 0.8070 0.;391 0.6595 0.5W2 0.4929 0.4200 0.3611 0.3016 0.2505 0.2162 0.1759 _ _ _ _ _ _ _  _ _ _ _ _  _ _  _ _ _  --.. 

b 704 704 704 693 665 633 597 488 359 242 136 73 39 18 i 1 _ _ _ _ _ _ _  
b 5% 584 581 564 529 491 480 3W 288 182 104 44 16 4 3 1 ._.____ 

12.7 a 
719 701 6 2  61R 583 485 392 274 139 54 24 t 2 _ _ _ _ _ _ _  ____._. b 

Values of the function are computed t'o four decimal 
places; however, they are not to be regarded as accurate 
to that many figures, except possibly where based upon a 
large number of observations. In general, values based 
upon fewer than about 25 observations are considered to 
be in doubt in the second and possibly in the first, decimal 
place. (See Secs. IV and V for discussions of errors.) 

IV. COMPUTATION O F  CONSTANTS OF THE EQUATIONS 

1 .  Graphical integration of equation (4 )  f o r  given data.- 
The function fh has been plotted against height for the 

.______ _ _ _ _ _ _ _  
______. 

_ _ _ _ _ _ _  
_____._ 

___._.. 

______. 

data given in TABLE 2. Some examples of the resulting 
curves are shown in Figures 1-8, for Ellendale, N. Dak., 
and Groesbeck, Tex., the most northern and southern 
stations, respectively, in the given group. 

The evaluation of equation 4 was accomplished by 
drawing smooth curves through the plotted pomts as 
shown in the above figures, and reading the mean values 
of the ordinates for each hundred-meter interval. 

the sum of the resulting mean ordinates is multiplied by 
100. This met,hod has advantages over the usual meth- 

The value of the 6. efinite integral is then obtamed when 
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3 2 6  
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1 

0 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

--A 
FIGUBE 1.-Ellendale, N. Dak. Spring. /A plotted asalnst helght 

1.0 0.9 0.8 0.7 0.6 0.5 0.4. 0.3 0.2 Oil 0.; 

--h 
FIGURZ 2.-Ellendale, N. Dak. Summer. fb plotted agalnst height 

6 

5 4  
ti 

4 %  

2 %  
4 s 

IT 

h 

3 2  
v 

0 
1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

--fh 
FIGURE 4.-Ellendale, N. Dak. Winter. fr plotted against helght 

fh 
FIGURE 7.-(31Mb&, Tex. Autumn. /A plotted OgaiMt helght 
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ods of numerical integation such as Simpson's rules, since equation 4 for seasonal mean surface vapor pressures, 
the curves could not be represented over their ent'ire where the surface heights above sea level are taken as the 

such as are indicated above (5). 
Table 3 shows the results of the graphical integration 

of the functional values given in Table 2, and also, the 
corresponding values of the function S as defined in 

length by po1Domids Of any given depree. Adequate lower linlits of int,egration and the indicated heights (h)  
accuracy is attained by taking sufficientyY narrow strips are taken as the upper limits. We rllag t,llus 

both the values of F: (defined in Table 3), which were 
required for use in equation 4, and the CorresPoIldiW 
values of S: for average conditions. 

h-g. 
4.32 
9.45 

13.5fi 
1R.X 
19.23 
21.12 

21. 7h 
24. I* 
25.44 
26. 07 

22. lin 

324 
i l l  

1,020 
1,2fi2 
1.455 
1.611 
1.730 
1 846 ' 1: 9xn 
2.01:i 
2,079 

5.22 
10. fj5 
15.16 
1n.fi7 
21.21 
23.12 
24.50 

*25.84 
26. PY 

............... 

................ 

.............. 

................ 

................ 

366 
740 

1.050 
1,300 
1,494 
1.655 

'1,782 
1.873 
1, 94i 

500 ........................................ 
1.000 ....................................... 
1,500 ....................................... 
2 000 ....................................... 

3, 000 ...................................... 
3.5 00 ....................................... 
4, ooo ....................................... 
4.500 ....................................... 
5.00  ....................................... 
5,500 ....................................... 
8. ooo ....................................... 
f3,soO ....................................... 
;, 000 .............................................. 

2:500 ....................................... 

__.- 

97 
w 7  
842 

1,116 
1,342 
1,630 
1,684 
1,811 
1.914 
1.996 

*a057 
2.104 
2,140 

346 
715 

1.024 
1,273 
1.475 
1.647 
1,ROl 

*1,935 

9.84 14. 14 
20.24 
25. 17 
29.16 
32.56 
35.61 

*38.25 

0.63 
3.31 
5. 50 

10.00 
11.00 
11.83 

O13.44 
13.75 
13.88 

E 

y:; 

93 
480 
789 

1,447 

1.868 

;:E 

y& 
1,587 

*1:827 
1,985 

........ 

1.40 
7.20 

11.88 

19.10 
21.70 
23.80 

26.82 

B.78 

15.80 

25.47 

*2g 
........ 

97 
514 
862 

1,151 
1,393 
1,593 
1.756 
1.880 
2.002 

*2,m 
2,276 

2% 

102 
547 
943 

1,290 

2.014 

2.347 

'2,555 

::z 
2,213 

2,450 

0.30 
1.59 
2.74 
3. 75 
4. 61 
5.34 
5. 95 
6.44 
fi. 83 
7.1E 

a7.44 

............... 

............... 

............... 

.............. 

.............. 

......... 

500 ........................................ 
1.000 ....................................... 
1,500 ....................................... 

2.500 ....................................... 
3,000 ....................................... 
3,500 ....................................... 
4,oW ....................................... 
4500 

2, 000. ...................................... 

....................................... 

....................................... 5:000 
5,5 00 ....................................................... 

7. W ...................................................... 

6,000 ....................................................... 
6,5W ...................................................... 

248 2.30 
6% 6.06 
948 9.14 

1,205 11.62 
1,406 13.55 
1.567 15.02 
1.674 16.14 
1.766 17.03 
1,839 17.74 

*1,801 *18.33 

426 
789 

1,101 
1,357 
1,558 
1,710 
1 . W  

*1.903 
1.957 
1,988 

4.57 4.w 
P.47 853 

11.81 1,194 
14.56 
16. 72 
18.35 1.935 
19.56 2 . W  
'20.42 '2,232 
21.00 2,346 
21.33 ....... 

412 
751 

1.034 
1,270 
1,465 
1,616 
1.732 
1,817 

*1.872 
1.807 
1,910 

7.11 
12.95 
17.84 
21.91 
25.27 
Pi .  ,98 
28.88 
31.34 

'32.39 
32.72 
32. 95 

261 
660 

1,018 
1.306 
1.537 
1.719 
1,803 
1.070 

O2.072 
2,146 

1.61 
4.12 
6. 28 
8.04 
0.46 

1o.s 
11.M 
12.1E 

*12. i l  
13.21 

0.32 
2.05 
5.12 
6.91 
8.40 
0. 65 

10.68 
11.52 
1210 
12.73 
13. 15 
13.48 

*13.73 
13.92 

58 
538 
881 

1,369 
1,097 
1,966 
2174 
2,334 
2,467 
2,576 
2,658 

*2.721 _ _ _  _.__ ~ 

........ 

242 
614 
019 

1.171 
1,371 
1,526 
1.650 
1,750 
1,833 

'1,805 
1,971 
2.080 

1.70 235 
4.32 606 
6.46 918 
8.23 1,168 
9.64 1.357 

10.72 1,409 
11.60 1.607 
12.30 1.689 
12.88 * I ,  758 

*13.30 1.814 
13. 85 1,867 
1427 1.916 

3.40 
9.01 

13.64 
l i .36 
20. 17 
22. "8 
23. 88 
25.10 

'26.09 
26.96 
27.71 
28.47 

245 
631 
847 

1,199 
1.388 
1.556 
1. 683 
1.782 
1.855 

'1.817 
1,966 

........ 

258 
660 
m 

1.260 
1.488 
1,m2 
1.848 
1.986 
3, 102 
2,200 

0.80 
2.27 
3.40 
4.33 
5.11 s. 78 
6.35 
6. P2 
7. 23 
7. 56 

3,000 ....................................... 
3,5 w-.... ................................. 
4, W ....................................... 
4,5 a)... .................................... 
5,000 ....................................... 
5, 500 ....................................... 
6. 000 ....................................... 
6 500 ....................................... 
7:000---.. .................................. 2,180 I 10.80 I ........ ........ 

1 Spring I Bummer 1 Autumn 1 Winter 
Upper l imi t4  1- 

~ Far 

OROESBECP,  TES. (141 m.) 
I ' h-9. 

247 1.19 
641 3.09 
950 4.62 

1.216 5.E6 
1, 427 6.  8u 
1, fiO4 7. i 3  
1,751 8.45 
1.881 9. OP 
1,989 9. 58 
2,078 10.01 
2, 154 10.38 

'2.212 *10.M 

m. 
2. 39 
5. 23 
7. 51 
9. m 

10.71 
11. Pfi 
12. so 
13.59 
14.25 
14. r 2  
1.5. 31 

'1.5. i 4  
lfi. 14 
16.53 

m. I 
500 ....................................... 1 236 
1.OOO .................................... --., 615 

2 , W  ....................................... 1 1.169 
2,500 ....................................... , 1.361 
3,000 ....................................... i 1.516 
3,500 ....................................... 1,642 

4,500 ....................................... 1,827 

1.500 .................................. ~...l m 

4.000 ....................................... 11,744 

5.5 OO... .................................. 1.956 
6,000 ..................................... ..I. ...... 
6,500 ....................................... ' ....... 

....................................... j 
7 , m  ....................................... I ....... 

................................. 

................................. 

................................. I i l  ........I ....... .......I ........ .... ........ ........ \ ........ I-------  I I I I I I 

LEERBURU, G A .  (85 m.) D R E X E L ,  NEBR.  (396 m.) 
- 

352 
713 

1. 017 
1,2M 
1,439 
1 597 

*1: 731 
1,853 
1,966 
-___.. 
...... 
...... 
...... 
...... 

~ 

4. 19 
8.49 

12. 11 
14.94 
17. 14 
19.02 

'20. fi2 
22.07 
23.42 

. . -. -. - 

....... 

....... 

....... 

....... 

- 
35i 
72P 

I. 276 
1.450 
1,580 
1. 6R1 

'1, 7M 
1.83  

1.036 

....... 

....... 
...... 

- 
2. 91 
5.m 
8.35 

10. 34 
11.M 
13. 16 

'14.17 
14. P9 
15.4X 

....... 

....... 

. -. . -. - 

....... 

....... 
- - -_ 

- 
0. 73 
3. PO 
6. 52 
8. 71 

10. 54 
12.06 
13.29 
14.31 
15.15 
15.86 
16.42 

*le. 86 
17.23 

.............. 

.............. 

.............. ....... ........I ........ 1 ........I ........ I ....... 
D U E  WEST, 9. C. (217 m.) 

I 

NAV.4L AIR YTh., WASHINUTON, D.  C .  (7 m.) 

242 
014 
931 

1.181 
1.402 
1,574 
1.716 
1.833 
1,030 

92, ooa 
2,045 

I 
2. 74 
6.9R 

1 0 . 0  
13.48 
15.80 
17. 67 
19. 23 
20.55 
21.71 

*r2.75 
23.60 
-..-.. 
...... 
...... 

426 
776 

1.070 
1,319 
1,622 
1.683 
1.812 
1,014 

*1.888 
2, 037 
2.060 
2. IN3 
...... 
...... 

3.31 
6.03 
8.31 

10.25 
11. x2 
13 07 
14.08 
14.87 

*15.44 
15.82 
16.06 
16 .Z 
___._. _ _ _ _ _ _  

1. 77 
3.30 
4. fi2 
5. 76 2. i o  
d.49 
w. 12 
'8. ti4 
0.09 

.............. 

.............. 

.............. 

....... 
I....... 

............................... 

............................... 

............................... 

............................... 
_ _ ~  I I i -  ............... 

............... 

............... 

.............. 

............. 

............. 

I ELLENDALE,  N. DAK. (444 m.) ROYAL C E N T E R ,  IND.  (225 m.) 

500 ........................................ 0.27 0. 64 

....................................... 830 4.15 779 9.82 857 
2000 ....................................... 1,122 5.61 1,044 13.15 1.157 
2 k W  .................................... 1.361 6.81 1.282 15.80 1.407 

1.000 1,500 ....................................... 1 4 2 1  2.301 1) 5.711 4 g I  
0.15 
1. I( 
2. CN 
2. 7I 
3. 4: 
4. M 
4.4; 
4.7: 
5.0: 
5.24 
5.41 

'5.5: 

2.18 
5. 82 
8. 43 

10.6P 
12.45 
13. Et; 

15.87 
16.53 

' li. 07 
17.51 ........ .. ........I ::::::.. 

............................................................... 

............................................................... l l l l l l l  
1 a-height of surface in meters above sea-level. 
h-hefght of upperlimlt  of column, meters above sea level. 
&=mean seasonal auriace vapor pressure. 

d - m e a n  (seasonal) mass of water vapor In column of air 1 SI& m. in cross-section and extending from surface to height h,  in grams fpr A-giyes as below (here given la Kw. 
K=1.080 when e. is in mm. 
K=0.78507 when e. Is in mb. 

*Values thus Indicated and thase for higher levels considered relatively doubtful. 
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Spring ................... ............................ ~ ~~ .... 
Bummer .-........ ..~.. ....... ~...  ... ..... ~ ~ . .  .......... ~.~. . .  
.4utumn~. . . . . . . . . . . . . . . . . . . . . .~  ............................. 
\Vint.er.. __.......__._......... ~ ............ ............ ... 

The values of F: introdwed above pe,rniit the coin- 
piitat,ioii of the mass of water vnpor in a column of air 
from tdie ground to various heights above sea level, 
where t,he surface vapor pressure is known. 

2 .  Arb.itrary selection of lmels where values a.re C O I L -  
sidered rela,tiaely doubtful .--As is evide.nt, from the curve.s 
shown (figs. 1-8), some irregularities exist, in t,he data for 
t,he upper levels. Whether these irregularities are due, to 
fewness of observation:, instrumental errors, or represent 
a real average condition, it is impossible t,o say wit,h 
cert>a.int,y. Sinc.e some criteria are. necessary to decide. 
as to which values are sufficiently in error (relat,ive t,o 
more reliable values for lower levels) to be discarded for 
prese.nt purposes, it was decided to use the following 
three indications as decisive in this matte,r: 

(a) Number of observations, 
( b )  Smoothness of curves, f h  plott,ed against' height, 

( c )  Smoothness of curves, log f h  plotted against, 

The lat,t.er criterion is permissible sin& in general the 
funct,ion is exponential in nature. 

In pursuance of this scheme all of the data were plot,ted 
upon semilogarithmic. paper and curves drawn through 
the plotted points. Some examples of the resulting curves 
ase shown in Figures 9 to 18 inclusive,. Functions vary- 
ing nwording t,o an e,quation similar to Hann's t'ype, 
e.quat,ion 8, appear he.re as straight lines, while those 
varying according to an equation similar t,o Suring's 
type, equation 9, appear as parabolas. Slight modifica- 
t,ions of these two types are t,o be. seen in Figures 9 and 
10, respectively. 

Finally the various ciirves were carefully examined 
and judged according t,o the crit,eria previously proposed. 
Levels at  and above which the values f h  and F: were con- 
sidered relat,ively doubt,ful are indicat,ed in Tables 2 and 
3 by nieans of asterisks. 

This procedure is of course rat'her arbit,rary, but i t  is 
considered more desirable t,o weight t,he values in this 
manner than t,o present t,hern as though having equal 
validity. It, is t,he more important, t,o do t'his since not. 
all the, curves can he re,produc,ed. 

Some of the values thus marked off are quite certainly 
less in doubt than others; however, no sat'isfactory ah- 
solut8e standard for comparison is known to exist. Values 
for Leesburg, GA., and Washington, D. C., are considered 
to be much less reliable on the whole t,lia.n values for t.he 
other stations, largely on acc,ount, of t'he relative fewness 
of observations. 

In  addition, the effect of lag in t.he hair hygrometers 
used in the meteorographs is in general to make t,ha 
indicated values too high, where the instrument goes 
from warmer to c,older air (4). At low temperatures 
(below -30° C.) this effect has been found by Klein- 
schiindt (loc. cit.) to be quite large. The result of such 
an effect is to disp1ac.e the, logarithmic curves too far to 
the right. (See figs. 9-18.) 

The curves for Washington, D. C., for all seasons, 
except winter, show a marked dive.rgence in trend froni 
the others in the high levels, indioat,ing a rapid decrease 
of absolute humidity with height. This may be partly 
due to the fact that observations. a t  t.he othe,r st.ations 
were made during all kinds of weather except heavy or 
moderate rain or snow, whereas relatively fewer were 
made a t  the latter station on days when thre,atening, 
moist conditions prevailed a t  low levels. On the ot'her 
hand, as has been noted by Gregg (6) and later by Wagner 

and 

height. 

m.-1 m-1 
?.6X10-8 3.5X10-8 
2. OXIO-n 1.9XlO-8 
2.4X10-' 2.1X10-' 
3.0X10-* ?. iXlO-'  

(7), temperatures in t,he free air are lower 0ve.r the 
Atlantic coast than a t  corresponding latitudes in t,he 
interior of the continent,. This is most st,rongly pro- 
nounced during the warmer seasons and at, Northern 
stations. Hence we niay draw t8he conclusion that the 
obse.rved trend in the data for Washington, D. C., is 
probably indkative of the actual trend existing over 
t,htlt place. I t  may be noted that the few data available 
for heights above 4.5 krn.,for siiiiimer at  Due. West, S. C., 
indicate. the same tendency. 

3 .  Ten,tati,tTe approrimate coniptation. qf the constants 
F for the higher stra.ta.-A c.onsideration of the. factors 
qoverning t,he distribution of water vapor in t'he, tropo- 
sphere leads to the c,onclusion that the wat'er vepor c.on- 
t.ent, above. 4-5 km. should decrease more rapidly in 
geometric progression than below those heights. This is 
borne out by the smaller value of the constant found by 
Hann for the interval 4.5 - 8  k n ~  (See quotat,ion froin 
t,he Lehrbuc.11 der Meteorologie previously give,n.) -4n 
esaininat,ion of 9 1 sounding-balloon flight,s made in t'he 
United Stat8es showed that data for the interval 4-7 
kin. c,ould be represented unde,r average c,ondit,ions by 
an equation of the form 

( i 2 j  .fh = j ~ l 0 - [ C i ( h - d ) + C 2 ( h - $ , ' l  

whc.re 

(? ) f ,, = value of the func. bion +-Zt ; 
at height h ,  in meters. 

-f,=known value of the sanie function a t  height d,  
the latter serving as a clatum height, and c, and c2 are 
constants. 

The constant - c1 represents the slope of the seiiii- 
logarithmic curve at  height dl h being taken as the 
independent variable. 

The constant cL wab found to have a seasolla1 and 
geographical variation. The data at  hnnd did not gixe 
entirely consistent values of this constant, as was to be 
expected. The very approximate rea;ults thus obtained 
were smoothed out. Comparisons were thm made to 
deternline whether these results gave reasonable values 
of humidity a t  high elevations. Slight modifications 
were found necessary. The final t,entative values are 
given in the followng table: 

T 4BLE ~.-%z/aticJe ualirea Of C?* 

Season 



456 

Scale giues values off. 

MONTHLY WEATHER REVIEW 

114 .05 . 

Scale giues values 0th 

DECEMBER, 1931 

FIGWEE lO.-Ellendale, N. Dak. Winter. Loglo / h  plotted 
W 8 h t  height 

Scale giws values’ of. f, 

Fiomrr ll.-Wrsahington, D. C. Autumn. Loglofr plottea against hebht 
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LO 
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5 

- 
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T 

1.0 

1.5 
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Scale m'iw wlues of L 

MONTHLY WEATHER REVIEW 

&ale givrs mlues o f f .  

FIGLIRE 17.-Oroesheck,, Ter. Spring. Loglo!b plotted 
agunst height 

DECEMBER, 1931 

Scale giucs mlues offh 

FIQUBP 18.-Oroesbe&, Tex. Winter. Log~ofr plotted 
againrt height 
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lo-( TU.-~ 
2 11 
1,78 
1.82 
1.83 
1.75 
1.70 

TABLE 5.-Data wed for extra lation o] f b  to height8 greater than for 
which it iu availabcaecording to equation 16 

-- 
Km. 
4.0-4.5 
4.5-5.0 
3.5-40 
4.0-4.5 
3 . M . 5  
ZO-26 

- 
Station 

d 

11479 
.1444 
.lo36 
.1278 
.1819 
.a820 

1Wm.-1 Km. m. 
l .W 4 . M 5  4.600 ,1401 
2 28 45-5.0 5.000 11347 
1.93 3.4540 4.000 .2102 
2 1 3  4.5-6.0 4,600 . 1 W  
1.49 3.5-40 4,500 . M a  
1.82 2-0 am0 . M 7  

Summer I Spring 

Broken Arrow, Ok18.- 
Drexel, Nebr- ~ - _____. 
Due We. 8. C ___.___ 
Ellendale. N .  Dak _ _ _ _  
Qmssbeck, Ter... __. - 
Leasburg, Qa _._._. ~ . -  
Naval Air Station, 

Washington, D. C.- 
Roysl Center, Ind ...- 

m. 
4,500 
6. 000 
4,000 
5. 000 
4, 000 
3, 000 

3,500 
4,000 

Broken Arrow, 0kla.- 
Drexel, Nebr _ _ _ _ _ _ _ _ _  
Due West, 8. C __.__._ 
Ellendale, N .  Dak ... - 
Oroesbeck. Ter.. - .--. 
Leesburg. 0 8  ___.__... 
Naval Air Station, 

Washington, D. C - .  
Royal Center, Ind--.. 

2 1 2  3.0-4.0 3,5m .a001 2 6 2  3.0-4.0 :?% 1 1 . ~ 2  13.4540 I 4 . ~  1 1 1.80 1 __ 
Autumn Winter 

m. 
4,500 
8,Om 
3,500 
5. 000 
4,500 
3,500 

3, OOO 
4,600 

D. 1186 
.lo25 
,2821 
. 1 5 u  
, 1215 
,1791 

1Wm.- 
2 2 5  
2 3 9  
1.48 
2 2 2  
1.85 
1.57 

Km. 
4 0 4 . 5  
85-6.0 
3.0-3.5 
4.5-5.0 
4. 0-5.0 
3.0-4.0 

m. 
4.600 
6600 
4,000 
~ s o o  
4,500 
3.000 

1 Columns thus headed indicate intarval of data from which value er was obtained. 

Examples of results of coniputation by means of equa- 
tion 12 are shown in Table G for autumn a t  Groesbeck, 
Tex. Mean temperatures were obtained by applying 
the mean lapse rates obtained from the soundmg-balloon 
series of October, 1 9 2 7 ,  made a t  that station (8) to  the 
mean temperature a t  4 kni., which had been obtained 
from kite records for the season in question. Vapor 
pressures were computed by usmg the temperatures 
found as described above to give e h = j h [ ! ? r l ( l +  a th)] .  Rel- 
ative humidities were computed by dividing the com- 
puted vapor pressures e n  by the saturated vapor pressures 
corresponding to the given temperatures. 

a i w  
.auB 
.2112 
. le6 
.lM1 
.202!2 

TABLE 6.-Examp&a oj uae o j  equation l d  

ltam.-l Km. 
1.73 1 - 5  
1.77 4 . 0 4 5  
1.67 3.5-4.0 
2 3 4  4 5 4 . 5  
1.51 4 . M 5  
1.67 2 . 5 4 0  

Oroesbeck, Tex.-Autumn season I 

OC. 
-1. 4 
-4.3 
-7, 6 

-11 0 
-18 3 
-aa2 
-33.7 

-46.4 
- b L l  
-55.7 
- m a  
-63.6 

-a6 

COMPUTED VALUES I 

. _.._ 

.I33371 .lo1 

.ooo888 .OH1 

.ooo328 .W58 

.0000688 .00135 

.0000210 .ma 

.0000087 .000089 

.m .cam 

I mh ...... 
a i a i 5  208 

.mJ8 1. m .w1 j 1.84 

. M75 .e49 . a310 498 

.01m I : m  

Km. 
4.6 
5.0 
6 5  
(LO 
7.0 
EO 
9.0 

11 0 
1% 0 
13.0 
14  0 
16 0 

io. o 

OBSERVED VALUES (KITES) 

% 
38 
38 
39 
40 
41 
4!J 
39 
3a 

14 
7 
3 
1 

m 

1 B d  on 35.13, and 4 observations, respectively. Latter appears taa low. 

It is to be noted that computation makes the relative 
humidity a maximum near 8 km., which is the region of 
maximum average lapse rates found in the troposphere. 

Similar comparisons for the other stations show that 
the great majority give reasonable values of humidities, 
a few giving some values which seem somewhat too 
large and a few giving values which seem too small. 
Dresel, Nebr., for autumn was among the former, and 
Washington, D. C., among the latter. 

This 
may be done by numerical integration, or more formally 
by expressing the function in an infinite series which is 
uniformly convergent and which hence may be inte- 
grated term by term. Still another method is to inte- 
grate by parts and express the resulting integral in terms 
of an infinite series by n process of continued integration 
(9). These methods are necessarily laborious. However, 
by making suitable transformations as shown in the 
following, the definite integral map be quickly computed 
from tables already in existence. To do this, equation 
1 2  is converted to the more convenient exponential form 

It is now necessary to integrate equation 12.  

(13) j h  = f de-lh.Q-a)'+~dh-a)l  

where e =base of Napierian logarithms 
and ~=10g, 10 32.3026 - =reciprocal of the modulus of 
common logarithms. 

Completing the square in the exponent we get 

j h  = j d e  ?!!! 4cs e- [ -&(h-d)+%i]' 

This reduces to 

the last equation simplifies to the form 
j , ,  = ~ e - a y [ h + b l y  ( 1 6 )  

The desired integral is 

where His the upper limit of integration. 

evident that 
From the geometry of the respective curves it becomes 

where h, is any upper limit of integration. 
obviously 

But since 
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Kni . 
4. 5 
L O  
4.0 
K. 0 
4 .0  
3. n 

on substituting equation 18 into the right-hand members 
of equation 19, respectively, we get 

Km. 
1.827 247 2. 074 4. 5 1, 805 
1,996 ?15 2,211 5.0 1,803 

1,995 198 2.193 4.5 1,861 
1,R55 311 1,866 4.5 l.7U 

1,768 nl 2,037 4.0 1,833 

1,597 485 2,083 2 . 5  1,475 

Let t = ah 
then dt = a dh. 
and dh,=-,  whence we have dt 

U 

228 
245 
380 
346 
212 
684 

Substituting equation 21 in equation 20 we obtain 

2.034 
2,108 
2,213 
2,150 
2,057 
2,169 

There are numerous tables nvnilnble of t8he definit,e int'e- 

Station 

Broken Arrow. Okla ............ 
Drcxrl, Nebr.. ................. 

I.:llendale. N .  Dak- ............ 
Ornesberk, Tex- ............... 
Leesburg. Oa. .................. 
Naval Air Station. Washington. 

D . C  ......................... 
RogalCenter.1nd ............. 

Due West, S. C ............. 

much used in the Theory of Probability. To adapt eclun- 
tion 22 for the use of such t,ables we rewrite it in the form 

Autumn Winter I 
d 1 F t  l F : I ' F m /  d 1 Ff l F Y i l F 7  

8-8- __ ~~~-~ 

3.0 1 7 1 0 '  369 "078 3 . 5 1 2 W  488 2,585 
4.5 11:855 1 241 I I 4.0 1 I:(KuI 1 443 1 2 . 4 %  

where 
C' 

i v = j d 1 0 4 c 2  

(1 = JG. 
K = 2.3026 - , the ot8her valueq :is shown in Tnhlw 1 

Table 7 (column F r )  shows the results of integration 
for the higher strata, according to equation 34. Taking 
the upper linlit as infinity introduces no significant error. 
The corresponding integrals for the lower strata are also 
given as well as the sums of the tmwo respective integrals. 
TABLE 7.--Tralttes of the factors F applying froin the stirface io ihe 

limits of the atmosphere 

and 5. 

Broken Arrow, Okla ............ 
Drexel. Nebr ................... 
Due West, 5. C ............... 
Ellendale. N .  Dak. ............ 
Groesbeck, Ter.. .............. 
Leesburg, On. .................. 
Naval Air Station, Washingtou. 

D. C. ........................ 
Royal Center, Ind ............. 

1 See erliistion 4' fnllowiop. and text immediat~ly therrafter. 

We may note that F: according to its definition by 
equation 4', or 

(4") S; = K e, F: grams, 

provides a means of computing approxiniately the mass 
of precipitable water vapor in a column one square meter 
in cross section and extending from the ground to the 
limits of the atmosphere. The function F," is independ- 
ent of the units in which the surface vapor pressure, e,, 
is expressed. The value K,  however, for our purposes, 
depends only upon the units in question. For conven- 
ience, we note here that 

K =  1.060 when c, is in mm. mercury. 
K = 0.79507 when e ,  is in mb. 
h'=26.92 when e ,  is in inches of mercury. 

. 

It may be reiterated that the term FF is only tenta- 
tive. More reliable results can only be obtained by 
means of direct spectroscopic observations (11) to de- 
termine the desired values, or a t  least in part by means 
of reliable nerological observations, particularly of hu- 
midity, to great heights. 

To obtain the desired value S3 for a station a t  height 
J differing from the height of the nearest of the 8 stations 
given herein, the surface vapor pressure e ,  may be re- 
duced to the corresponding vapor pressure a t  the surface 
of the ['datuni station," e, ,  by the use of Hnnn's eqnn- 
tion for monntnin stations, thus 

In addition, the factor F." obtained from Table 3 or 7 
must he reducecl by the amount F: obtnined from 
Table 3. Consequently, the final corrected vnlue is 

V .  DISCUSSION O F  FORMULAS;  SOURCES O F  ERRORS 

1. C'ornyarisoiis with other -formulas.-Hann (12) has 
found that by changing the constant of his equation, 8, 
to make it conform more closely to conditions in the free 
sir (i. e. changing from 6300 to 5000) and neglecting the 
temperature factor ( I  + a  th),  he gets what is equivalent 
to the expression, 

(26) 

The vnlue in parenthesis compares closely with the 
average of the corresponding factors given in Table 7. 
Humphreys (13) has found from 74 balloon observations 
made in Europe that the yearly average for clear days is 
closely representable by what is equivalent to the es- 
pression 

(27) 

approximately, where h, averaged between 200 and 300 
meters. Here the agreement is reawnably close with 
the values for the warmer seasonei .  e., seasons with 
minimum cloudiness. 

Fowle's spectro-bolometric observations on Mount 
Wilson (11) showed the mean value of F to be approxi- 
ma tely half way between Hann's and Humphreys' values, 
or FZ = 2040 nearly, using Hann's equations for reduction 
to sea level. This value is based on observrtt>ions made 

Som = K e ,  (2170) grams. 

S" = K e, (1930) grams, 
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m. 
:59Fr500. .__ 
5oo-iSo ..--. -. . -. . . . . . . . . __. 

. -. . - -. . . . . . . . . - 

during the months June-September, inclusive, 1910 and 
1911. 

2. Sources of error i n  the formulas and rtxults.-As may 
readily be Been from the foregoing, the original assump- 
tions that the ratio and t ,  or-fb, are explicit functions 
of height reduce to the proposition that the amount of 
water vnpor over any small area of earth’s surface is 
directly proportional to the vapor pressure a t  the sur- 
face. This is equivalent to saying that FF is n constniit 
independent of factors other than the height s. This is 
of course untrue, for obviously the value in question 
varies with time and with changing meteorological con- 
ditions in the atmosphere. 

Where the time limit is suflEiciently extended, the rela- 
tionships may be expected to hold quite closely provided 
that unusual meteorological deviations from the average 
have not occurred. The relationship is also valid a t  
times when a close approximation to the statistical 
“avera e condition” prevails. 

(a)  8hecking of normal exchange.-The apparent con- 
stancy of the ratio (E) found under the circumstances 
described has its foundation in the combined operations 
of convection, and mixing and diffusion of water vapor 
in the lower atmosphere. When l i t tb  convection and 
mixing are occurring from the ground upward as niay be 
the case where a strong inversion exists not far above 
ground, the average law of variation of this ratio with 
height may be departed from considerably. The ground 
may thus heat up, causing increased evaporation and 
thus increased vapor pressure, while almost no exchange 
is taking place between the ground layer and the layers 
above the inversion. The conditions above the inversion 
may consequently be largely tempered by the winds a t  
those levels and re ions from which the winds are blowing. 

The relation A c h  obtains between aqueous vapor 
at  two levels in a convecting mass of air in which con- 
densation and mixing has not yet taken place may be 
expressed simply by the equation 

(9 

m. 
0. 44 

.60 2,oo(t2.5OK ............___. .52 
0 . 6 i  1,5M2,OUO ._...._._...._._ 

“.=5 
Pa Pl 

~~5O-1,ooO. __. - _... .._..__ -. . . 40  
.M  
.3e ! l,IlW1.250 __.._....____._ _ _  

1.25&-1.500 ....._..___ .__._ 

where el ,  p ,  are the vapor pressure and barometric pres- 
sure respectively a t  the original level, and ea, p 2  are the 
corresponding values a t  a subsequent level. As an exani- 
ple of the average distribution of vapor pressure in the 
lower layers of the troposphere, we may cite the, empirical 
equations found for average values during the spring 
season a t  Drexel, Nebr., 

2 , W , 0 0 0  ____.. _._._.____ .w 
3,m3,500 _.__.....____.... .E3 
x,5w,ooo _.___._._____._.. .58 

which applies from the surface 
(above sea level) and, 

= 396 111. to k = 750 m. 

which applies from h a =  i 5 0  m. to h = 3500 m., 
being constants. 
From the data a t  hand we find 

and c4 

c3 = 1.625 X 10‘’ (for h in meters) 
c4 = 1.231 X lo-’ (where d =750 ni.) 

PS 
and @=0.958. 

These rela tionships show that , statistically, convection, 
turbulence and diffusion with the resultant mixing and 
condensation cause the ratios not to remain constant 
with height but to decrease in geometric ratio with in- 
creasing height. 

It may be noted that in this case since ca>c,, the ratio 
in queshon decreases more rapidly from the ground (396 
in.)  to the height 750 in. above sea level than it does from 
750 in. to 3,500 in. The effect of temperature lapse rates 
may now be seen from the values given in Table 8 
following. 

TABLE %.-Mean spriug lapse rates, Drexel, N e b .  

6) 

I I I 

It is evident from these values that convection is here 
relatively stronger in the first 350 in. above ground than 
above t’hat height. The small lapse rates from 750-2,000 
m. are, due statist,ically to the inversions prevalent over 
northern stations during winter and early spring (14). 
Thus, as the generally moist ground warms up in spring, 
convection and turbulence raise considerable water vapor 
from the layers adjacent thereto, carrying it up to the 
region of small or inverte,d lapse rates where the convec- 
t,im is checked. From there the water vapor, tends to 
slowly difluse upward, aided somewhat by the higher 
(gradient) wind velocities occurring at  those levels, but 
since hpse rates in these layers are below adiabatic, eddy 
diffusion carries a portion of the water vapor back to- 
ward the ground layers. In addition, since the ground 
is comparatively moist in this season due to the after 
effects of the winter frost and snow cover, evaporation 
proceeds very mpidly near the ground especially during 
clear days, often adding water vapor to the ground layers 
more. quickly t h m  i t  can be carried aloft. This esplains 
why the ratio decreases more slowly in the layer from 
’750-2,000 m., than it does immediately below it. 

The. concept under consideration is perhaps further 
verified by comparing the variation of these ratios with 
height for winter and summer a t  Ellendale, N. Dak. 

Figure 19 shows plot,s of h, loglo - for the two seasons 

in questmion. The Siiinnier curve is perhaps typical of 
average conditions when the stirring processes of the 
atmosphere have full play. The Winter curve shows the 
influence of the inversion in the lower layers. The mean 
seasonal lapse rates are shown by the small figures 
adjacent to each interval of height. The inversions in 
question are largely the result of the frequent “anti- 
cyclonic weather with its clear skies and intense radiation” 
(6) obse,rved in these regions. The strong cooling of the 
lower layers due to&adiation after sunset produces B 
subsidence of the air which thus becomes dynamically 
warmed. The continued cooling of the ground finally 
causes t,he t,emperature of the air at that level to become 
lower than that of the free air immediately above. The 
water vapor brought, clown by the subsidence of air thus 
finds itself in a region of diminished lapse rate and finally 
in an inversion. Convection is effectively checked under 

(3 

[ fl 
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such circumstances and the relative proportions of the 
constituent gases of the atmosphere tend to become fixed 
in amount. The evaporation of liquid or solid water 
falling through the inversion provides an important source 
of water vapor for the inversion layer when predipitation 
occurs. The water vapor, being less dense than dry air 
tends to diffuse molecularly toward the top of the inver- 
sion. Eddy diffusion, however, under the influence of 
increased wind velocities in the inversion layer plays an 
opposing ri3le in the mechanism of the process, aiding in 
the general mixing of this constituent la ely in the down- 
ward direction. The facts just adduce 3 explain in part 
why the curve for winter is nearly vertical from the ground 
to about 1,000 m. elevation above. 

Since molecular diffusion in the absence of convection 
and turbulence is relatively slow as an agency for dissi- 

F~onnr 19.-Ellendale, N. Dag. Bummer and winter. Logla (i) plotted against helght. Small flgurea adjacent to curves are 
mean la se rata for interval In oO./loO m. Tho winter values are 
leas in akwlut.8 magnitude than the -mer values. Winter sur- 
face d u e ,  (;) -0.WE’6; i m m e r  surface value, (;) =0.0170 

pating water vapor, under the conditions outlined above, 
changes in the surface vapor pressure, say, due to surface 
heating at sunrise, are bound to take some time in making 
themselves felt a t  higher levels. It may also be noted 
that the higher temperatures in the inversion increase the 
capacity of the space for water vapor so that relatively 
large amounts of vapor may be present without condens- 

Thus, cases of abnormally large factors F.“ observed 
by Fowle at Mount Wilson (11)) height 1,730 m., may 
be due to the forced convection of a stratum of air over 
the mountain, the air being of oceanic origin and having 
a strong inversion and low humidity at the height in 
question. Such conditions are very common in the Sum- 
mer on the California coast (15). Thus with near normal 
moisture content in the free air above but low vapor 
pressure at  the mountain top and an inversion just above 

ing. 

it to prevent normal convection, the factor in question 
would become abnormally lar e. 

vapor with height.-As is well known the diurnal march 
of vapor pressure at the surface generally shows a regular 
periodic variation. Inland regions in summer show two 
maxima and two minima, occurring at  about 6 to 9 
a. m. and 8 to 9 p. in., for the former, and 3 to 4 . in. 
and 3 to 4 a. m., for the latter (129). In genera[ the 
oceans in summer and winter and most inland regions 
in winter show but one maximum and one minimum, 
similar to the diurnal march of temperature, the maxi- 
mum occurrin during the afternoon and the minimym 

tions between the estremes outlined above, but resemble 
the oceans most closely. 

The causes of this diurnal march of absolute humidity 
at the surface are substantially as follows. In m~mmer, 
at inland stations, the ground at  dawn is greatly cooled 
due to the nocturnal radiation, especially so if the night 
has been clear. The subsidence of the air during the 
night due to this cooling and to the relative absence of 
convection carries much moisture down to the ground 
layers from the atmosphere. These two processes con- 
duce to the process of condensation near the ground, and 
the formation of dew, especially if vegetation is present. 
Hence the low temperatures near the ground cause the 
s ace to have a smaller capacity for water vapor and 

much of the water vapor by condensation, producing a 
minimum of vapor pressure and absolute humidity near 
the ground just before dawn. This is the so-called 
secondary minimum. 

As the sun rises, it warms the ground and evaporates 
much moisture. The lapse rates at first are insufficient 
to cause much instability hence the vapor pressure rises 
to the rimary maximum occurring between 6 and 9 
a. m. !‘he “nocturnal inversion’’ frequently found not 
far above ground also aids by acting as a sort of ceiling 
to prevent the moisture from diffusing rapidly aloft. 
When the sun gets higher, the lapse rates increase near 
the ground, and often the “nocturnal inversion” disap- 
pears or rises higher in a less marked state. Thus 
convection becomes active, carrying much water vapor 
away from the ground layers. By the time the after- 
noon maximum of temperature has been reached, the 
supply of surface ground water has been greatly depleted 
and the rate of evaporation from the ground has become 
less than the rate at which the ascending sur currents 
and eddies carry the moisture aloft. Hence we have 
the primary nlinimum of vapor pressure (and absolute 
humidity) at the surface occurring about mid-afternoon 
in the summer at inland stations. The evening (second- 
ary) maximum occurs as a result of the rapid subsidence 
of air a t  dusk or shortly thereafter when convection 
has greatly diminished, and also as a result of the com- 
paratively small decline in temperature near the ground. 

Tropical stations in general present the characteristics 
described above all the year round. 

Over the ocean in summer and winter the sun does not 
warm the water very rapidly and the diurnal amplitude 
of temperature is small,. hence no rapid increase of evapo- 
ration can take place immediately after dawn and the 
morning maximum is absent. As the altitude of the sun 
increases, the rate of evaporation increases. Since an 
indefinitely large supply of water is available, and for 
other less importaut reawn8 not presented, the evapora- 

( b )  f i ? i d  v a r k t h n  an re f d ive  distribdion oJ d e r  

during the ear P y morning. Coastal stations show vana- 

a P so cause the removal under proper circumstances of 
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tion can provide more water vapor than is removed. 
Hence we have an afternoon maximum. The evening 
rnrwimum is also absent, here largely because the great 
ocean mass and slow change of water temperature pre- 
vent marked changes in surface evaporation, and decrease 
the tendency for sudden subsidence. The minimum 
occurring before dawn results from nocturnal cooling of 
the surface water and lower strata of air. Coastal and 
island stations are greatly influenced b the ocean and in 

vapor pressure. 
A t  idand stations in winter the diurnal amplitude of 

temperature is usually comparatively small ; and generally 
a considerable amount, of surface ground water is available, 
either in the form of a snow-cover or ground frost. Also, 
inversions are quite prevalent over many temperate sta- 
tions in winter (see Table 14), persisting in some cases 
throughout the day. These factors, and others, com- 
bined with the low altitude of the sun conduce to a slow 
and often small increase of vapor pressure at  the surface 
from dawn to t.he afternoon maximum. Convection 
being relatively weak, the surface supply is little depleted 
thereby. The evening subsidence is comparatively less 
marked than in summer and ground temperatures are 

uite low, hence the evening maximum does not occur. 
%he early morning minimum is caused by the same 
processes as were previously described. 

With regard to mountains, the diurnal variation is 
similar tmo that of the free air some distance above the 
ground. Thus, convection carries moisture up the moun- 
tain sides from the valleys in the afternoon at  about the 
t h e  the sun is most effective in producing evaporation 
from the ground water and vegetation on the mountain 
slopes. Hence the maximum occurs in the afternoon, and 
the minimum before dawn when radiation has brought 
about considerable cooling and much of the moisture 
has been carried down by subsidence. 

On low hills it is possible for the valley d e c t  to prepon- 
derate over the free-air effect and the diurnal variation of 
surface vapor pressure thereon to resemble somewhat that 
of the valley. 

Similarly the vapor pressure in the free air has a peri- 
odic diurnal variation. The data presented by Hann 
(loc. cit. p. 253) for the diurnal march of vapor pressure 
on mountain tops shows that for moderate heights 
(2,700-3,700 m.) there is a maximum occurring between 
1 and 5 p. m. in the afternoon and a minimum occurring 
in the early morning from 2 to 6 a. m. With regard to the 
diurnal variation of absolute humidity over Mount 
Weather, 526 m. above sea-level and 374 m. above the 
valley floor (16) , Blair (17) has stated t h a t  

With the exception of the surface and 1-kilometer levels in the 
summer half of the year and the 2.6 and 3 kilometer levels in the 
winter half of the year, the maximum moisture eontent of the air 
is found shortly after noon and the minimum shortly after mid- 
night at all levels (62f5-3,OOO m.) and in all timea of the year. At 
the four levels mentioned the maximum moisture content ie found 
just before noon. 

An examiuation of the curves of the diurnal variation 
of absolute humidit over this place shows that a close 
approximation to t i e mean value for the day prevails 
between the hours 7 to 10 a. m., i .  e. , the time of day repre- 
sented by the data 'ven in Tables 2, 3, and therefore 
most probably also fable  7. This is aleo borne out by 
&iring's data (2, p. 162) from balloons and Hann's data 
from mountain stations. 

It is evident from $he foregoing that for a low-lying 
station in summer if the total amount of.water vapor in a 

general show the same type of diurna 9 march of surface 

column of air of-given cross-section is greater in the early 
afternoon than m the period 7 to 10 a. ni., and also the 
surface vapor pressure is less in the early afternoon than 
in the morning, then the factor FY applicable to the 
afternoon should be greater than that for the morning. 
In winter, since the surface maximum of vapor preesure 
falls in the afternoon, the opposite of this may be true, 
particularly where a snow cover exists. Likewise for 
mountain stations, either of these conditions may obtain, 
depending on the height, since if the mountain is s d -  
ciently high the maximum surface vapor pressure occurs 
in the afternoon. This then introduces another source 
of error in t.he use of the factors given, indicating that 
both diurnal and altitudinal corrections are necessary 
where they are to be used for times and heights other than 
those for which the data apply. 

To obtain an approximate quantitative idea of the 
error arising from diurnal variations, the data presented 
by Blair (loc. cit.), for Mount Weather, Va., showing the 
diurnal variation of temperature and absolute hurmdity 
for the surface (526 m.), and the levels for every 500 m. 
interval from 1,000 m. to 3,000 in. inclusive, all above sea 
level, were used to compute the respective values of 
for two seasons and two times of day each. The seasons 
given were summer, represented by the 6-month period 
April-September inclusive, and winter, represented by 
the period October-March inclusive. Table 9 shows the 
results of the computations. 

TABLE 9.-Diurnal variation of F . ,  Mount Weather 

Winter I' Summer 

Time of day 1 e 11 Timeofday 

The earlier times of day used are closely representative 
of the average time of flights upon which the data given 
herein are based. The later times are approximately the 
times of maximum water-vapor content of the air column 
in question. A comparison of the values shows that 
in summer the vdue is 11 per cent greater at the 
afternoon maximum, and in winter 3 per cent leas than 
a t  the 8:30 a. m., average condition. Since the vapor 
pressure at Mount Weather is tempered somewhat by the 
free air overlying the adjacent valleys, it  is to be ex- 
pected that a valley station would find the corresponding 
afternoon value more than 11 per cent greater in summer 
and not quite 3 per cent less in winter. 
ks is to be expected, the diurnal variation of absolute 

humidity is relatively small a t  3,000 m. and probably is 
vanishingly small a t  6,000 m. On this account the actual 
diurnal variation in during summer at a valley ststion 
may be expected to be SI' htly smaller than the above 
value or of the same order o f magnitude. This is also true 
for winter but to a much greater extent. 

In the case of stations situated on fairly high mountains, 
the vapor content of the air column may average only 
slightly more in the afternoon than in the early morning. 
However, increased vapor content in the free air, in- 
creased eva oration from the mount& sides m t h  in- 

up the slopes during the afternoon cause the surface 
vapor pressures in such cases to be disproportionately 
high compared to the free air some distance away. It is 

creased inso P ation, and forced convection of humid air 
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Well-pronounced Average of 
LOW8 all typss 

E. 1 F1. 

Station 

:$ E. F: 
___--__ 

Dmxel, Nebr. (a=396 mb. mb. 
m.) ___________.______ 4 aoo 1,540 3.88 2,210 

a m . )  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3 3.57 1.850 2.56 2,170 

225m.) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 6 . 1 3  2,490 4 3 2  1,680 

EUsndale, N. Dak. (a- 

Royel Center, Ind. (8- 

thus obvious that the F: for the afternoon under such 
circumstances averages lower than for the early morning 
(11). Since this is contrary to what obtains a t  valley 
stations in the summer, levels must exist a t  which the 
variations in the factor are comparatively negligible on 
the whole, particularly on mountain slopes. In this 
connection we may note that the meanvalue of F,,",,found 
by Fode for the late morning observations at  Mount 
Wilson was but 73 per cent of the early morning value. 
Tbcse values were based on days during the summers of 
1910 and 1911 when spectrobolometric observations were 
made (11). 

In  conclusion of this topic it may be said in the absence 
of other data that the factors R given herein are unsafe 
for use at mountain stations. For valley or plain stations 
at  heights comparable to those of the eight base stations 
used, corrections for diurnal variation and height are 
necessary. It niay be suggested that during the warm 
part of the year a diurnal correction be used, assuming 
tentatively say a 12 per cent increase in F: at  the after- 
noon maxlmnrn (3 to 4 p. m.), over the 8:30 a. m. average 
value, using proportionate amounts for intermediate 
times, if values for these times be desired. In the 

Well-prononnced 
m a  

:$ E. #? 

h 

----- 
mb. m. 

3 a6( 4660 4,000 

2 1.09 4,W &so0 

3 3.85 1,m 3,KQ 

I t  should be noted that the values under LOWS and 
HIGHB in the table have less weight than the values in the 

sprhg and autumn when convection is wetlb a smaller 
value than the above should be assumed, perhaps 5 per 
cent. In winter, the diurnal correction may be neglected 
or be assumed to have a small negative value (say 2 per 
per cent a t  the afternoon maximum), especially when 
the ground is rather moist. Southern stations in summer 
may have slightly larger values than the above. 

Stations situated on slightly elevated terrain should use 
slightly smaller values than those given above. 

( c )  Transient wridirn d h  wedher types.-The laws 
governing the genesis of the macroscopic meteorolo cal 

in some manner not entirely clear, condition the'relation- 
ships between the various meteorological factors to be 
observed in their vertical croas-sections, so as to bring 
about wide divergencies. This is particularly true of the 
relative vapor content found from level to level in 
a vertical section of the lower troposphere. To em- 
phasize this point we reproduce in Figures 20-22, 
inclusive, curves of the function fh as computed from 
mean vapor pressures and temperatures observed in 
different quadrants of well-pronounced HIGHS and 
Lows a t  several stations. Sets of curves were chosen 
whioh showed the widest divergence in this respect 
among all the curves available from Samuels's study of 
aerological obaervstions made in well-pronounced HIGHS 
and LOWS (18). 

systems of the atmosphere, the cyclone and anticyc H' one, 

central columns, mainly since they are based on fewer 
observations than the latter. 

We may conclude from these values, however, that the 
transient variations of Fh are likely to be of such magni- 
tude that serious errors may result if one attempts to 
compute the amount of water vapor in an air column at  
a particular moment from the average values of given. 
This is most probably more true in winter than in sum- 
mer. The use of average values may be safe for comput- 
mg the average vapor content of the air column over a 
period of perhaps a season where a normal se uence of 

surface vapor pressure for the period must be used. 
(d) Errors due to sarnpling.-As with every set of 

statistical variables where relatively few samples are 
taken for study, some uncertainty in the data must 
exist. Since the monthly means upon which the results 
are based were not in convenient shape to compute the 
probable errors, this index of the reliability of the mans 
IS not available. In all cases with the exception of the 
air lane @hts a t  Washin ton, D. C., the means of ascent 

variation into account and renders the h a l  results more 
reliable. As stated before, where the observations are 
quite numerous sa may be seen is the case for the lower 
levels a t  most of the stations (see Table 2), the results 
may be considered fairly reliable as averages. 

weather changes has occurred. In such cases B t e mean 

an B descent were used. %'his method takes the diurnal 
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Several sources of error due to sampling creep in how- 
ever. Thus,for example, since a certain minimum surface 
wind velocity ie neuesaary before kites may be launched, 
it is to be ,expected that calm days are not well repre- 
sented in the results. This is most likely to be true for 
the summer and autumn data and most pronounced in 
southern stations where more days of calm prevail during 
those semone. This same effect causes the results to be 
less reliable in the upper levels for these seasons. Like- 
wise, days of very strong winds are not fairly represented 
in the dnts. This is likely to be most effective a t  north- 
ern shations during winter and early spring. The former 
source of error is not present in the case of airplane 
observations. 

In addition to the above, days of heavy or moderate 
rain or snow are not represented in the data. Days of 
low overcast sky are also lacking from the airplane data, 
as are data for the interior of deep banks of clouds. 
Kite observations on the contrary frequently provide 
such results. 

The fact that the highest kite and airplane observations 
were probably made on relatively dry days brings to 
bear a systematic error of uncertain magnitude in the 
values for the higher levels. 

Sicce nothing definite may be said regarding the mag- 
nitude of the errors arising from the above sources, it is 
necessary to leave the matter standing. It is felt how- 
ever, in the case of kite stations where observations are 
numerous that the errors, if important at all, are only 
worth considering in the southern stations during the 
summer and perhaps the autumn seasons. The airplane 
data for Washington, D. C., are probably more nearly 
representative on the wliole of fair and partly cloudy 
conditions. 

(e) Errors in obserz'ed values.-As is well known, the 
hair hygrometers such as are used in kite, airplane and 
sounding balloon meteorographs are somewhat erratic in 
their behavior and are often subject to considerable errors. 
The most important source of error is probably that due 

- fh 
FIGURE 2l.-Drexd. Nebr. Winter. fb plotted against height. Curve a represents 3d 

rluadrant of UIGBI; curve b, average of all sorts of conditions for the entlre season; 
curve e, 4th quadrant of LOWE 

to the effect of the lag or inertia of the hygrometric ele- 
ment. The investigation of Kleinschmidt (4), on this 
phase of the question brought him to the conclusion that 
the factors which cause the greatest increase in the slug- 
gishness of the element are: (a)  Low temperature, ( b )  low 
humidity, mpecially when the difference between the 
actual and recorded humidities is small, (c) rapid rate of 
change of humidity with time as regards the instrument, 
(d) large number of hairs used in the element, (e) poor or 
unequal ventilation, ( f )  poor quality or treatment of 

100220-32-3 

hairs. 
to be temperature, for it is stated (loc. cit.), that- 

The teinpcrature effect on the lag is small between +20° and 
+5" C . ;  from that temperature however, it increases rapidly, 
becoming infinitely great at -40' C., and almost completely 
reducing to nought the ability of hair to react to water vapor. 

Despite objections recently raised to Kleinschmidt's 
methods (19), there is not muc.h doubt that below -+ IOo 
C., the hairs used, function more as a thermal element 
than a hygrometric element. This conclusion is amply 

By far the most important factor of these seems 

- 4, 
FIGURE 22.-Royal Center, Ind. Minter. f h  plotted against height. Curve a repre- 

sents 1st quadrant of LOWS; curve b, average of all sorts of conditions for the entire 
season; curve c, 3d quadrant of HIGHS 

supported by the indications of sounding-balloon observa- 
tions. 

It should be remembered, however, that meteorological 
kites rise much more slowly on the average than either 
airplanes or sounding balloons and henco the hygrometric 
elements have a much longer time available in which to 
respond to the humidity of the air than is the case for 
the latter methods of observation. 

The lag of the temperature element is quite small in the 
kite instruments used (20), hence mean vapor pressures 
based on kite observations probably are more reliable 
than any others extant, except possibly those obtained 
from manned balloons and carefully conducted airplane 
observations. Even here, however, they must be sufE- 
ciently numerous to form a satisfactory basis for reliable 
results. This feature of the problem causes the values 
for Leesburg, Ga., to be of much less weight than the 
remainder of the values, since the observations taken at  
that place were relatively few. Likewise the values for 
high levels, especially in winter and early spring, are 
probably much less reliable owing to the temperature 
egec t . 

( f )  Errors dw to m e t h d a  of computing resu#s.-As 
stated in a previous section (111), the method of differ- 
ences has been employed in computing mean monthly 
vapor pressures and temperatures. Since vapor pressure 
does not vary linearly m t h  height, it is problematical 
whether that method is the proper one to use in obtaining 
means of that vaiiable. 

A consideration of the effects of the use of this method 
leads to the conclusion that if in the long run the higher 
observations are made on relatively dry days, as is quite 
like1 , the computed mean vapor pressures for the higher 
levez will tend in the long run to be higher than the true 
means. The proper method to use is one based on the 
indications of the Theory of Probability and Errors 
considering the nature of the law of variation of vapor 
pressure with height. Thus far no satisfactory method 
that does not involve a prohibitive amount of work has 
been suggested, as far as known. 
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We thus have from these Bources, errors due both to the 
method of computing and to a systematic limitation on 
sampling of data under a l l  conditions. 

In  addition, another possible source of error may lie 
in the fact that the absolute humdity computed from the 
arithmetical mean of the daily observed absolute humidities 
for any given period may differ from the absolute humidity 
computed from the mean vapor pressure and temperature 
respectively for the same period (21). An examination 
of data for a number of months taken at random appears 
to  show that for periods as long as a season the error in 
most cases falls well within the degree of accuracy of the 
individual observations and is of the order 1 to 2 per cent. 

Probably the greatest source of error, if i t  is desired to 
use the function f h  (or Ft) ,  to compute the absolute 
humidity a t  any given height from the mean surface 
vapor pressure for the season, results from the w-ide 
deviations of the daily ratios (2) from the “mean” 

ratio( $) 
It is obvious from the nature of the function in question 

that the necessary condition that j h  give statistically 
correct results is that- 

1 273 e h j  
(31) - f h = z F  zz, ,-& 

1-1 

where T,,,=abSOlUte temperature a t  height h, for the 
i-th observation and n =number of observations, the 
other symbols being as defined before, and the obserra- 
tions equally spaced in time. Tests on data for n number 
of seasons taken a t  random showed that percentage 
errors in the lower kilometer are usually quite small but 
are likely to increase above that height. For periods ns 
short as a month the errors from this source may be very 
large for heights 2,000 m. above sea level and higher. 
In one case, viz, for March, 1926, a t  Ellendale, N. Dak., 
this error a t  the 3,000 m. level was 24 per cent of the 
average of the 16 observations available. When data 
for a full season are examined and compared, the per- 
centage error resulting from the use of j h  for a height of 
say 3,000 m is found usually to fall within 7 per cent. 
Probably the errors would be quite serious for heights 
above 4,000 m. 

Another source of errors falling within this category 
(f) is that arising from the use of hair hygrometer humidity 
readings and tables of saturation vapor pressures to com- 
pute current vapor pressures. In this method, the 
8a turation vapor pressure corresponding to the observed 
current temperature is obtained from tables and multi- 
plied by the relative humidity reading to give the current 
vapor pressure. For temperatures below 0’ C., the 
tables used are those for the pressure of aqueous vapor 
over ice, while for temperatures above 0’ C., t,he tables 
used are for vapor pressures over water. This arbitrary 
rule even though justified by expediency may be im- 
proper for use in the free air since for example water 
droplets may exist in the free air a t  temperatures f a r  
below the freezing point (22,23). Thus, the hair hygrom- 
eter, calibrated a t  room temperature, when taken into 
the free air, yields a “number” which we call the “rela- 
tive humidity.” The definition of the latter term depends 
upon the form and kind of surface, whether water or ice, 
to the saturation vapor pressure of which at the given 
temperature we refer the actual vapor pressure to obtain 

the relative humidity. If for every case where tempera- 
tures below 0’ C. are observed, we use the saturation 
vapor pressure over a flat surface of ice as the standard, 
and if  liquid water is present in the atmosphere under the 
given temperature, then it is obvious that the “number” 
taken as the “relative humidity’’ may give eIToneou8 
results. 

The followin figures are illustrative. From the Smith- 

1.315 mm. Hg. =saturation vapor pressure over 
water. 

1.142 mm. Hg. =saturation vapor pressure over 
ice. 

For 100 per cent relative humidity at this temperature 
with respect to water, the relative humidity with respect 
to ice is 

1.315 X 100 per cent = 115.1 per cent. 1.142 

sonian Physica 7 Tables, seventh revised edition, we find 
for -16’ C., 

For -30’ C., Robitzsch (24) h d s  the corresponding 
value to be 133.2 per cent. It is obvious from these m e s  
that if the “number” obtained from the hair hygrometer 
represents the relative humidity with respect to water 
say a t  - 16’ C., then this “number” must be multiplied 
by 1.15 to obtain the relative humidity with respect to 
ice. In other words the vapor pressure computed as in 
the past from the tables for the saturated vapor pressures 
over ice will be 15 per cent too small under these circum- 
stances. 

The above considerations are strictly applicable only 
for pure substances. However, water droplets in the 
free air are nearly spherical and contain hygroscopic 
nucleii which lower the vapor pressure. The importance 
of these nucleii in the mechanism of undercooling of 
water droplets has been much emphasized by K6hler 
(22). In addition, undercooled water particles of such 
smallness that they are invisible must exist in the atmos- 
phere under certain circumstances and probably are 
quite prevalent in the vicinity of clouds [(22) (b) pp. 
13-15, (25)]. These conditions complicate the problem 
to such an extent that considerable uncertainty exists as 
to what the “number” rendered by the hair hy ometer 
means physically. Therefore, little can be sa i ron  this 
point that can be considered conclusive; however, the 
shadow of doubt is thrown upon vapor pressures and 
values computed therefrom when obtmned from hygrom- 
eter readings at  temperatures below 0’ C. This entire 
subject is greatly in need of intensive and critical investi- 
gations to provide practical and reliable means of ob- 
taining accurate vapor pressure measurements in the 
free air. 

(9). Errors due to the u8e of equation $6 (for reduction 
of gipen data for use at neighboring stations).-where 
equation 25 is used to compute the mean vapor content 
in the air column over a section other than one for which 
data is given herein, the largest error likely to result is 
that due to geographical interpolation. Thus, values S 
computed from the three nearest “datum stations” may 
show a considerable difference. This necessitates that the 
values be weighted according to climatologicd and physio- 
graphic considerations and also according to distance and 
direction of each station from the others. The percentage 
error arising from this source is obviously variable and 
depends somewhat upon the intimacy of the person usmg 
the formula with the nature of the region m t h  which he 
is concerned. It may be mentioned here that a defect 
to be found in UU formulas of this sort is that they can 
not take into account local or geographical variations. 
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The data given herein are therefore most advantageous 
for use in central and eastern United States since some 
cognizance may then be taken of these factors.. 

Other errors associated with the urn of ths equation 
depend on the differences between the absolute humidities 
existing in the free air over the “datum station” at  given 
heights above sea level and those existing at  the same 
heights above sea level over other stations. Several 
computations have beeqrnade to ascertain the magnitude 
of this error, using certsln assumptions based on observa- 
tional data. The percentage errors in these cases were 
found to be less than 3 per cent where the upper base of 
the column was as much as 5,000 m. and where z=750 
to 1,500 m. above sea level. 

Uncertainty regarding the most applicable value of 
the constant in Ham’s equation, 8, likewise introduces 
the possibility of a further error. However, the value used 
(6,300) is considered to be the best value extant for this 
purpose, firstly, because it is based on mountain observa- 
tions, and secondly, because it agrees well with values 
obtained from the data for the lowest kilometer over the 
stations used herein. 

(h) MGceUaneous errors.-Among these may be men- 
tioned (a) errors in the determination of e, or e,, ( b )  
errors due to the effect of hygroscopic particles in the 
atmosphere, (c) error in the constant K depending on 
variations in the relative density of atmospheric water 
vapor to pure dry air. 

As is wall known, serious psychrometric errors may 
arise during the winter when subfreezmg temperatures 
prevail, hence the surface vapor pressures must be deter- 
mined as accurately as possible to reduce the error to a 
minimum. 

Re arding hygroscopic pafticles, it  mag be said that 
very h t l e  is known as to them effect on hair hygrometers 
and errors resulting therefrom. In general it may be seen 
that hygroscopic nuclei permit of a 1Frger moisture con- 
tent in the air than would appear possible from theoretical 
considerations which disregard their presence (22). 
This brings in an error whose magnitude it is difficult 
to gage under present circumstances. As was mentioned 
before, this is one of the problems for the future. 

The influence of electncal char es and ions may be of 
material importance in this regar%. 

Possible errors in the constant K (  = 1.060 for e, in mm.) 
may be dismissed as of small importance compared to the 
other errors since they probably amount to but a few tenths 
of a per cent within the range of temperathes thus far 
observed in the troposphere (26). 

I t  is necessary to emphasize here that the present 
study does not take into account the water which is 
present in the atmosphere in the liqmd form. Although the 
mass of water va or per cubic meter of cloud has been found 
always to exceei the mass of liquid water present in the 
same volume, the latter may become as great as 5 grams 
per cubic meter in the heavlest clouds as has been shown 
by the independent investigations of Conrad, Wagner, 
and Kohler (27). 

VI. COMPARATIVE BTUDY OF THE DATA 

(a) Seasonal mariation.-A studv of the values of fn 
given in Table 2 shows that on the average the values 
are eatest in winter and least in summer, and usually 
for Kiphhts praater than several hundred meters above 

ground the autumn values are greater than the spring 
values. Also, it may be seen that the values for summer 
for certain levels (usually above 1.5 km.) are greater 
than the values for spring. In southern stations where 
this is most pronounced, th? summer values even exceed 
the autumn values for certain levels. 

given 
eater for one season than for another 1s that 

during the first season than on one during the second 
season where the vapor pressure at  the surface is the same 
in both cases. 

The contrasts between the various seasonal values 
depend partly upon the temperature differences existing 
and partly upon actual changes in relative vertical dis- 
tribution of water vapor. I t  is evident from the gas laws 
that for a given vapor pressure the vapor content of a 

The interpretation of the statement that . fh for 

level the abso is Y Ute humidity a t  that level is greater on a day 

FIGWEE 23.-Geographical locations of the eight stations used herein 

given volume is greater a t  low temperature than at  high 
temperature. 

If the ratios - be formed from the data given in Table 
2, it  will be seen that the ratios are greater in winter than 
in summer at  the four stations Drexel, Ellendnle, Groes- 
beck (note below), and Washington, D. C. The reverse 
is true for certain intervals of height a t  the other stations. 
The intervals where (h) >e) are: 

f h  

f i  

fs summer 8 winter 
Broken Arrow, from 250-500 m. to 2,000-2,500 m. 
Due West, from 2,000-2,500 m. to beyond 4,000 m. 
Groesbeck, from surface250 m. to 500-750 m. 
Leesburg, from surface250 m. to beyond 4,000 m. 
Royal Center, from surface250 m. to 1,500-2,000 m. 

It will be noted that Groesbeck shows this effect only 
slightly and that the winter ratios are greatest at stations 
where in general the winter inversions are most pro- 
nounced (see figs. 20-22, and also ref. (18)). Referring 
back to Section V, 2 (a), p. 461, a number of causes operat- 
ing to produce this relationship in inversions have been 
discussed. 

It may be added here that when convection and turbu- 
lence are most active, i. e.. when lawe rates are near the 
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Due 
West 

(217 m.) 

9. lo 
8.86 
s. 02 
7.32 
6.75 
6. 19 
6.59 
4.40 
3.3i 
2.56 
1.97 
1.58 

adiabatic, the water vapor distribution naturally shows a 
more nearly uniform manner of decrease with height than 
when inversions are present. In the latter case the 
tendency is for the water vapor to stratify within or just 
below the inversion and to show a sharp decrease just 
above it. We should therefore consider these factors 
as among the most dominant in producing tbe downward 
march of the water content of the upper troposphere from 
summer to winter and its concentration in the lower few 
kilometers in the latter season, particularly in regions 
farthest removed from the Equator. 

( 6 )  Geogruphical mriation .-Since the stations used 
herein are not of equal elevation and since the periods of 
observations upon which the present data are based are 
not identical, nor, of equal length, nor of v ~ r y  great 
duration, conipnrisons between the several stations must 
be taken with some reservations. Such comparisons with 
respect to vertical position should, strictly speaking, be 
comparisons between data for eqiu-geopotential surfaces 
(28), or possihly even surfaces of equal gravlty potential 
above ground. Unfortunately, reduction of the data to 
such surfaces involves n large amount of additional labor. 
Such reductions are of course more important for high 
levels and for extensive latitudinal differences, but since 
the reliability of the data scarcely justified this refine- 
ment they were not undertaken. 

The latitudinal variation of j h  may be seen by a coin- 
parison of the data for Ellendale, Drexel, Broken Arrow, 
and Groeqbeck in order. The function shows a progres- 
sive decrease from north towards south a t  all levels in the 
lower 3-4 or so km. over these stations. Above these 
heights the relationship is not so consistent but signs of a 
reversal are evidenced. Comparing the data for Wash- 
ington, D.  C., and Due West, it would appear that j h  
for the former is less a t  all levels during the summer and 
autumn, while during the other two seasons it is less only 
in the lower few kilometers but is greater above that 
height. Likewise, comparing Due West and Leesburg 
(data least reliable), it would appear that the data for 
Due West are greater at  all levels in autumn and winter. 
During spring and summer however, j h  for the former is 
only greater from the surface to 3.5-3.0 lan., the opposite 
being true above these heights. 

Something regarding the longitudinal variation may 
be seen by comparing Drexel with Royal Center, Royal 
Center with Washington, Broken Arrow with Due West, 
and Groesbeck with Leesburg. Values of jn  at Dresel 
are found to be greater than those a t  Royal Center at  all 
levels and all seasons. The relationship between Royal 
Center and Washington values is more complex. Speak- 

eneral, the values a t  the former station are greater 
in ing the in 7 ower layers (surface to 750-2,500 m. depending on 
season), then the reverse is true for a thousand or more 
meters, and finally there is some evidence that a t  greater 
heights the Royal Center values are again greater. 

Considering Broken Arrow and Due West, during 
summer and autumn for heights beyond the lower half 
kilometer or so, the Due West values of j h  appear greater 
than the Broken Arrow values. During the other two 
seasons, this is only true to heights between 2.5-3.0 km., 
8 reversal of the relationship appearing above these limits. 
Groesbeck values show themselves to be greater than the 
Leesburg values in the lower wometer or so (roughly 
speaking) but less above these heights in all seasons 
except autumn which has a more complex connection. 

The interpretation of such relationships 8s are described 
above has already been given in the preceding section 
(a). Attention is invited to the fact that the values of 
jb particularly for the lower levels appear to be smaller 

Leas- 
hrirg 

(85 PI.) 

11. lo 
10.26 
9.33 
8.59 
7.93 
7. 27 
6.54 
4 8 4  
4.14 
3.36 
3.04 
2 7 8  

__- 

for stations near bodies of water than for inland stations 
considerably removed therefrom. This relationship is 
most pronounced in the North. This circumstance may 
be largely due to other local conditions and hence must 
be investigated further to obtain verification or disproof 
of such a general conclusion. 

2. The average absolute humidity alojt.-mh = Ke jh,  
g./m.3 

(a) Seasonal variation.-Table 11 has been computed 
according to the above equation from data given in 
Table 2. 
TABLE 11.-Geographical and seasonal variation of absolute humidity 

W m . 3 )  
SPRING 

Broken 
Arrow 
333 m.) 

9.11 
9.03 
8.02 
7.23 
6.61 
5.94 

4. l G  
3.30 
2.68 
2.21 
1. i 7  

5.23 

Height above sea E''en- Drenel 
level (m.) m., 

G r o w  
beek 

(1.11 m.1 
-__ 

11.51 
11.06 
9.99 
9.05 
8.03 
6.97 

4.40 
3.45 
2.S6 
2.36 
1.99 

5.94 

Surface _ _ _ _ _ _ _ _ _ _ _ _  
250 _ _ _ _  - 
500 _____._._....___. 
i50 _.____......_____ 
1,ooO _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1,250 ___.__.________ 
1,500 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
2,000 _._....._._..._ 
?,500 ___...__.._.._. 
3,000 __..__..._...._ 
3,500 ___._____.___.. 
4,000 _._.___________ 

- -. - - - - - - -. 4.90 6.32 

4 7 i  6.01 
4.22 5.35 
3.84 4.86 
3.52 4.41 
3.22 3.99 
2.G5 3.25 
2.16 2.69 
1.i2 2.24 
1.37 1.83 
1.07 1.49 

. - - - - -. - - - - - - - -. 

16.84 1R.26 13.69 15.94 
16.70 17.iO 13.51 1446 
1494 16. I9 11.99 12.92 
13.51 14.29 11.02 11.66 
12.34 12.43 10.20 10.60 
11.21 11.03 9. 32 9.69 
10.13 9.86 8.37 i.96 
8.16 7.95 6.51 ,. 54 
8.45 6.49 4.84 5.95 
6.18 5.33 3.88 4 5 1  
4. 15 4.39 2. 79 3.45 
3. 30 3.62 2.16 2.52 

16.17 17.89 
15.95 16.71 
14.39 15.48 
13.23 14.67 
12.25 13.55 
11.28 12.27 
10.25 10.92 
8.39 8.84 
6.85 7. 27 
5.58 6.47 
4.60 5.63 
3.73 5.14 

Surfnce _ _ _ _  ~ ._.._.. 
7.50 _ _ _ _  
500 ____________.__.. 
750 .____________.._ 
1.000 ___.________.__ 
1,250 ....__________. 
1.500 __.._._.____... 
2,000 __.._______.___ 
2.500 ______._....___ 
3,000 _________.-..-. 
3,500 _.__________._. 
4,000 _..._._..____.. 

- -. . . -. . . . . 

Ross1 
Center 
225 m.) 
~ 

6. 77 
8.67 
5. s1 
5.23 
4.76 
4.29 
3.89 
3. 19 
2.4i 
1. 95 
1. 5i 
1. ?7 

11.74 ' 13.84 

11.40 13.09 
10.05 11.57 
9.09 10.53 
8.25 9.62 
7.44 8.71 
6.05 7.12 
4.60 5.77 
4.04 4.66 
3.32 3.i6 
2.74 288 

. - - - - - - - . - - - -. -. 

Wash- 
ington 
(7 N.) 

7. 44 
6. 74 
6.02 
5.39 
4 95 
4.58 
4 2 7  
3.53 
2.82 
2.21 
1. RO 
1. 36 

___ 

Surface _ _ _ _ _ _ _ _ _ _ _ _  5.83 
250.- _ _  - - _ _  ._____ . - - - - .___ 
500 _______________._ 5.72 
750 ___________.____ 5.22 
1,000 ___.____.__._._ 4.7i 
1,?50 _._____________ 4.33 
1,500 _______...___._ 3.93 
2,000 ______...__.-_. 3.26 
2,500 ___________.__. 2.53 
3,000 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  a27 
3,500 __.____________ 1.85 
4,000 _...___________ 1.51 

7.27 
- - - -. . .. 

6.97 
6.31 
5.78 
5.29 
4.84 
4.04 
3.36 
2.77 
2.25 
1.87 

10.34 
10.15 
9.23 
8.48 
7.88 
7.21 
6.55 
5. ?u 
4. 14 
3.41 
2.88 
a.45 

AUTUMN 

13.47 
12.73 
11.82 
10.90 
9.92 
9.04 
8.00 
5.95 
4.36 
3.34 
2.62 
2.33 

WINTER 

5.09 
5.92 
5. 39 
5.04 
4. i o  
4.33 
3.93 
3.18 
R51 
1.99 
1.58 
1.30 

I I I 

7.60 
7.09 
6.44 
5.97 
5.45 
4.95 
4.48 
3.43 
2.82 
2.32 
1.68 
1.23 

surface ________.__. 1 2 . 1 1  
250 .___._______.___- ----  - - - -  

2.07 
1.95 
1.a 
1.81 

1,500 .._.________.__ 1.70 
2,000 ____.__._______ 1.45 
3,500 ..______.._..__ 1.?2 
3.000 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.97 

4,000 ____.._______.. 0.59 
3 , m  ___________.__. 0.74 

Comparison of the data by seasons shows that t,here is 
a progressive increase in absolute humidity from winter to 
summer and that the autumn values exceed the spring 
values a t  all the stations and for almost all the levels given. 
The levels 4,000 m. a t  Broken &row and 3,000-4,OOO m. 
a t  Leesburg stand as exceptions (note data for latter 
stat,ion not very reliable). 

(b )  Geographical variutwn.-Figure 23 indicates the 
geographical location of the eight stations used. Corn- 

2 . ~  
------- 

2.82 
2. 59 
2.44 
2.32 
2.17 
1.87 
1.59 
1.34 
1.10 
0.87 

18w discussloq on p. 455, Section IV, 2, regarding low temperature in the 8U 
along the Atlrmtic Go&. 
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parisons of the stations presented in the first four and 
last three columns of Table 11 indicate the progressive 
increase of absolute humidity on going from north to 
south at  all levels given. Broken Arrow, 4,000 m., 
autumn; Leesburg, 3,000-4,000 m., autumn; and Lees- 
burg, 4,000 m., wint,er, stand as esceptions. The 
Leesburg values being based on few observations, are not 
very reliable and hence these exceptions are to be taken 
wit,h reservations. 

Comparing Dresel and Royal Center we find the values 
for t,he former to exceed those for the latter at  all levels 
above 500 in. in spring, and at  all levels in summer. Dur- 
ing autumn the Dresel absolute humidit8ies are less than 
the Royal Center absolute humidities from the surface to 
between 1,500-2,000 ni. Above that height the Dresel 
values are greater. In  winter the same relationship 
existas, only the height at  'which t,he reversal takes place 
lies between 1,000-1,250 m. 

The relationships last presented appear anomalous at' 
first sight, for one would be inclined to think that the 
proximity of Royal Center to Lake Michigan would 
render it more moist aloft than an inland station far re- 
moved from the lake and almost equidistant from t)he 
Gulf of Mexico. However, t'hey may be traced bac.k to 
the pressure gradients which normally esist over continen- 
tal United States, and to the result,ing air flow from dif- 
ferent origins. Referring to Gregg's (29, 6) Aerological 
Survey of the United Stmates (Mo. Wea. Rev. Supp. 26, 
pp. 55-56 and Supp. 20, pp. 39 and 45) it will be seen that 
in summer and spring t'he normal pressure gradienhs cause 
the resultant winds over Dresel to have a considerable 
southerly component while the resultant winds at  Royal 
Center are more from the west. and west-nort,hwest. 
This brings about a greater t'ransport of moist, gulf air to 
Drexel than t'o Royal Center, and bhe latter must get a 
larger proportion of tdie relatively dryer polar air (30). 
In  wint'er and auturnn t,he resultant winds at  Drexel have 
a more northerly component than those for Royal Center 
and the relationship is partly reversed. 

Comparisons of Royal Center with Washington, Broken 
Arrow with Due West,, and Groesbeck with Leesburg 
bear out remarkably well on the whole what would be 
expected from c,onsiderations of the resultant air flow. 

These facts emphasize the importance of studying the 
movement of air masses more closely (30), both for fore- 
casting purposes and for the study of comparative 
climatology. 

3. The integral, F f =  fhdh.- 

(a )  Seasonal variation.-Considering the values given 
in Table 3, it will be noted that the winter values are the 
largest. In  northern stabions the summer values are 
always least for t,he data given. In  southern stations the 
summer values differ little from or exceed the spring 
values for h generally above 2,500 m., the summer values 
being less for h below t,hatJ approximate height. Lees- 
burg appears to show this difference a t  even lesser heights. 
The autumn values exceed the spring values in every 
case where the data are relatively reliable. Leesburg 
above 3,000 m. may be an exceptmion. 

The interpretation of a statement that F: for one season 
exceeds the corresponding value for another season is 
that on days when the surface vapor pressures are the 
same in both seasons, the day in the first season will have 
a larger total vapor content, Sh., in the air column from 
the surface to height h than will the day in the second 
season. 

J 

Some of the underlying causes of t,he differences indi- 
cated above have been previously discussed under Section 
VI, 1 (a). 

( b )  Geographical variation.-Since the values of F h  

have not been reduced to a common datum surface, they 
are not strictly comparable. However, since it so hap- 
pens that the group of stations Ellendale, Drexel, Broken 
h o w ,  and Groesbeck have lower surface elevations 
above sea level in descending order respectively, some 
valid conclusions may be drawn from the data given. 
An inspection of the values for these stations indicates 
that in the higher levels at  least, the values decrease from 
north to south, despit'e the opposing eflect of decreasing 
surface elevation in the same direction. Hence it may 
safely be concluded that if the data were reduced to a 
common datum surface, the values, for h (the upper 
limit of the column) equal t80 say 4,000 m., would de- 
crease from north to south. This is in accord with the 
general latitudinal variation found for jn, and is most 
pronounced in the winter seasons as was found for the 
latter. 

I n  a similar manner we note that the Dresel values 
exceed the Royal Center values, particularly for the 
higher levels. 

4. The average total vapor c0nten.t of the air column.- 
S$' = KZ, F: . 

(a) Seasonal variation.-As was found for the seasonal 
variation of absolute humidities, the values 3; from Table 
3 may be seen to increase from winter to summer, wit,li 
summer having the maximum values. The autumn 
vapor content esceeds the spring content in epery c,ase. 
The greatest contrast between summer and wmter con- 
tent is found in northern stations and the least in south- 
ern stations. Comparing the values for h=4,000 m. for 
the various stations, it is seen that t'he spring content is 
about 0.5 the suninier cont'ent in nort,hern stsations and 
slightly more (roughly 0.6) in southern stat,ions. For 
t.he same upper limit,, the average winter content is about 
0.25 the average summer content in northern stations. 
The proportion increases as one goes southward, being 
near 0.4 a t  Groesbeck and Leesburg. 

The relatively smaller difference between the vapor 
content during these two seasons in the southern stations 
as compared with the northern stations is partly due to 
the smaller contrast between winter and summer with 
respect to total solar radiation received a t  the southern 
stations as compared with the northern stations (31). 
This produces a smaller amplitude of the mean free-air 
temperature variation between winter and summer at  
southern stations as compared wit'h northern stations. 
This in turn influences the relative capacity of the space 
for water vapor and also the relative evaporation from 
water surfaces and the soil. The nearness of the south- 
ern stations to bodies of water also brings to bear the 
tempering effect of the high specific heat and slow rate of 

of the water. cOO1iY Wit regard to the solar radiation received, it must be 
remembered that even though the intensity of the solar 
radiation received a t  the top of the atmosphere per day 
in summer differs little between stations at  latitude 30' 
and 40' N., the amount received at  the ground is mark- 
edly greater a t  latitude 40°, in fact the maximum on June 
21 is received a t  about latitude 48' N. (sea level). This 
is brought about by the increasing length of day and 
decreasing vapor content from south to north, in spite of 
the lower altitude of the sun a t  midday at  northern sta- 
tions (32). It is thus seen that the water vapor blanket 
which is so effective in depleting the radiation received 
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Btation 

Broken Arrow, OMS _ _ _ _ _ _ _ _  
Drexel, Nebr.. _ _ _ _ _ _ _ _ _ _ _ _ _  
Due West, 9. C _ _ _ _ _ _ _ _ _ _ _ _ _  
Ellendale, N Dag- _____.___ 
Groesbeck. Ter _ _ _ _ _ _ _ _ _ _ _ _ _  
Leesburg. Qn _ _ _ _ _ _ _ _ _ _ _ _ _  - - 
Washington. D. C _ _ _ _ _ _ _ _ _ _  
Royal Center, Ind ______.___ 

a t  the top of the atmosphere and which must increase 
towards the Equator as the result of the cumulative effect 
of more intensive heatin , itself must act as a tempering 

winter a t  southern stations. The annual march of cloud- 
iness, the variations of which at  most places in temperate 
latitudes can not simply be attributed to solar radiation, 
will also be seen to be an important factor. 

Despite the greater total radiation received in spring 
as compared with autumn (at sea level), the total vapor 
content was found to be greater during the latter season. 
This is largely the result of the after-effect of the preceding 
seasons in each case respectively. 

The more fre uent outbreaks of the relatively dry polar 

tant factor overning the seasonal variation of the vapor 

(b )  Qeogra hicd uariu#ion.-Considering the values 

Groesbeck, despite the differences in surface elevation, 
it may be safely said that the total vapor content, gt, 
in general increases from north to south, as is well known. 
Ths is likewise shown by the stations to the eastward, if 
some allowance is made for differences in elevation. 

Comparing Drexel and Royal Center values, it wiU be 
seen that despite the greater elevation of the former, the 
summer values for Drexel exceed those for the latter 
station at  heights above the layer between 3,500 and 4,000 
m. This agrees, of course, with the marked differences 
in absolute humidity found between the two stations for 
this season. A close analysis of the spring values for 
these stations appears to indicate that possibly for some 
height above 6,000 m. the total vapor content of the 
column for the former may differ very little from that for 
the latter, this in spite of Merence in elevation. This is 
not so likely to be true in the autumn and winter. (See 
tables 7 and 2.) 

Broken Arrow and Due West show very small differ- 
ences in s: for spring, but the difference becomes more 
and more marked until it reaches a maximum in winter. 
This is probably largely due to the seasonal changes in 
frequency and strength of the free-air winds and their 
places of origin. Thus in spring the most frequent winds 
at 1,000 m. above surface at  both stations are from the 
Gulf of Mexico (29, p. 43). The summer months show 
a slightly smaller frequency from the northwest quadrant, 
with slightly more from the southwest a t  Due West. The 
winter months on the other hand at  Broken Arrow have 
their most frequent winds a t  1,000 m. from the southwest 
and northwest, i. e., from relatively dry regions, while a t  
Due West the most frequent winds in this season are from 
the northwest, west, and southwest. The trajectories of 
air flow in the lower Mississippi Valley and in the Gulf 
region show that much of the air reaching the south- 
eaatern seaboard of the United States in winter (as well as 
in summer and spring, to a lesser extent in autumn) must 
have its origin in the Gulf of Mexico. Hence these cir- 
cumstances are to be regarded as the secondary causes of 
the differences to which attention was called. 

Groesbeck and Leesburg show similar characteristics, 
if some allowance is made for differences in elevation. 

As was stated before, a factor to be considered in the 
study of the causes of the seasonal variation of the vapor 
content of the air column is the question of the frequency 
of outbreaks of polar air. This is also important with 
regard to geographical-seasonal variations. Thus in 
winter, spring, and late autumn outbreaks of continental 
polwair are more frequent than in summer, late spring 

agent to diminish the 2 ifference between summer and 

air in winter an 1 spring must also be considered an impor- 

content of t % e air. 

given in Tab ip e 3 for Ellendale, Drexel, Broken Arrow, and 

Spring I Sy I Autumn I Winter 

cm. 
'1.88 

1.44 

1. 10 
2 41 
2. 48 
1. ge 
1.45 

L e a  

Cm. 
3.75 
3.16 
3.92 
2.71 
4. 13 
4.28 
3.49 
2.90 

In. 
0.785 
.Me 
.773 
.432 
.950 
.976 
.a65 
.670 

In. Cm. In. 
L478 2.17 0.853 
1.245 LSO .7@a 
L545 2.50 .e84 
1.067 1.41 .557 
1.622 2 76 1.086 
LBBR 297 1.169 
1.372 2.23 .878 
1.142 1.87 .735 

Cm. 
1. 13 
.&l 

1.45 
.68 
1.65 
1.73 
1.00 
.83 

In.  
0.441 
.316 
.570 . m  
.e51 
.os1 
.394 
.328 

1 To obtain mass in kg., per column one sq. m. in CIOS section. multiply depth (in 
cm.) by 10. To obtaln mass in metric tons per column one sq. km. in moss section, 
multiply de th (In cm.) by 101. To obtain mass in short tons (2 OOO lbs,) per column 
one sq. mi. wOBB motion, multiply depth (in mu.) by 2.865X101: 



DECEMBER, 1931 MONTHLY WEATRER REVIEW 471 

It is clear from the values presented that the blanket- 
“greenhouse” effect of the water vapor is more 2 e ective Or by far in summer than in winter. Were it not 

for this blanket of water vapor in summer, it is obvious 
that our days would be much more unbearable so far 
as tem erature is concerned and the nights very cool. 

tends to reduce the amount of radiation absorbed by 
the atmosphere, hence making our winters relatively 
colder on this score than our summers. That is, our 
solar climate generates a cycle of events which tends to 
augment its effect in winter by its influence on ter- 
restrial moisture, and on the contrary in summer it 
tends to retard and conserve ita effect by its influence 
on the same agent. Thk is probably an important 
factor in explaimng the great contrast existing in winter 
between polar and equatorial regions and hence the 
stronger gradients and more intensive circulation than 
in summer. 

Similary P the smaller amount of water vapor in winter 

VII. BUMMARY 

Tables have been introduced (2, 3, 7) for computing 
the average absolute humidities a t  various heights, and 
the total vapor content of ms. columns extending from 
the ground to various heights above sea level, from the 
mean vapor rbssures a t  the surface, for eight stations 

An equation, 25, has been given to permit the use of 
the data given in tables 3 and 7 for other stations not 
too distantly located from those given and physiographi- 
cally similar. The errors resulting from the methods 
employed have been fully discussed. I t  is emphasized 
that serious errom may result if the given factors are 
used to compute the required vapor contents for periods 
of less than a season. 

Under the discussion of errors, a number of topics of 
more general interest have been treated. Among these 
may be mentioned: The va or distribution in inversions 

ation of absolute humidity near the surface, near moun- 
tains, and in the free air (V, 2, b.); errors due to the 
use of hair hygrometers a t  low temperatures (V, 2, e.); 
errors in vapor pressures computed from hair hygro- 
meter readings a t  temperatures below 0’ C. (V, 2, f.) 

The various data, viz. fn, &, F1. and E (see defini- 
tions in Sec. 11), have been discussed with regard to 
their seasonal and geographical variations. Special 
emphasis has been laid on the air trajectories and solar 
rahation to e-xplain some of the d%erences found. 

A study of the relationship between average precipi- 
tation, atmospheric water vapor content, and other 
factors has been begun. It may be stated a t  this time 
that the mean precipitation is not directly proportionate 
to the mean vapor content but depends to quite an extent 
upon other factors also. It is hoped to publish a paper 
on this subject in the future. 

Acknowledgement is due to Mr. H. L. Choate of this 
division for several stimulating discussions on topics 
largely related to air trajectories. Acknowledgment IS 
also due to several members of the staff of this division 
for assisting in the computation of some of the early 
tables. 

in the Unite if States east of the Rocky Mountains. 

and the mechanism involve c r  (V, 2, a.); the diurnal vari- 
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SOLAR RADIATION AS A METEOROLOGICAL FACTOR 
By HERBERT H. KIMBALL 

BYNOPSIS 

Variations in the earth’s solar distance cause variations in the 
intensity of solar radiation at the outer limit of the earth’s atmos- 
phere of very nearly 3.5 per cent on each side of the mean, with the 
maximum early in January and the minimum early in July. 

Variations in solar declination cause seasonal variations in the 
daily totals of solar radiation as measured at the surface of the 
earth, which are small at the Equator, but increase rapidly with 
latitude. A t  Habana, Cuba, latitude 23’ 09’ N., the average 
daily amount at the time of the summer solstice is about double 
that at the time of the winter solstice; at Washington, D. C., 
latitude 38O 56’ N., the corresponding ratio is about 3.5; at Stock- 
holm, Sweden, latitude 59’ 21’ N., it is about 20, and at Sloutzk, 
Union of Socialist Soviet Republics, about 40. 

Following explosive volcanic eruptions the great quantity of 
dust thrown into the atmosphere, some of i t  to great heights, has 
diminished the intensity of the direct rays of the sun as received 
at the earth’s surface from 15 to 25 per cent for periods of several 
months. Such explosions, with their accompanying dust clouds, 
occurred in 1883, 1S8S-1891, 1902, and 1912, and a slight cooling 
of the earth as a whole seems to  have followed. On the other 
hand, there have been no such eruptions since 1912, or cluring a 
period of nearly 20 years, and Angstrom is of the opinion that on 
account of the small amount of dust now present in the stratosphere 
the temperature of the earth should be slightly higher than usual. 

For solar constant values it has been claimed that periodicities 
of from 68 to 8 months exist, with amplitudes of from 0.005 to 
0.014 calories, or about 0.3 to  0.7 per cent of the mean value. 
Also, that there are short-period trends in values, with an average 
length of five days and an average amplitude of 0.8 per cent. To 
these short-period trends of less than 1 per cent in magnitude, 
have been attributed the “Major changes in weather.” 

A careful study of these various variations in the intensity of 
solar radiation leads to the conclusion that weather changes are 
brought about, not by short-period trends of less than 1 per cent, 
but by the manyfold difference in the intensity of the solar radiation 
received by the earth in equatorial and polar regions. As a result 
great temperature differences exist between these regions. Grav- 
ity cause8 the heavy cold air to  displace the lighter warm air at 
the surface, and a polar+quatorial circulation is set up, turbulent 
in character, especially in winter when the temperature difference 
is most marked. Well-defined movements of this character are 
to be found on the weather maps of the different countries, and 
examples are shown in this paper in reproductions of weather maps 
for the United States. It is to studies of this turbulent polar- 
equator movement of air that  meteorologists look for improve- 
ments in weather forecasting, and i t  is for such studies that the 
meteorological work of the Jubilee International Polar Year 
1932-33 is now being organized. 

INTRODUCTION 

Although in this paper solar radiation is to be con- 
sidered from the standpoint of the meteorologist, there 
are certain astrophysical and astronomical facts that also 
must be kept in mind. 

Thus, astrophysical research has shown that the sun 
is a hot, lurmnous body, perhaps gaseous throughout, 
with its outer layers rotating about the solar axis a t  

1 Presented before Section B A. A. A. S at a joint session with the American 
Meteorological lociety at New’Orleans, La.,& December 30,1931. 

different rates in different latitudes. The quality of 
solar radiation is about that of a black body a t  a tem- 
perature of 6,000’ 8. This may therefore be taken as 
the eflective temperature of the sun. The temperature 
of its center, on account of the enormously high pressure 
that must there prevail, is variously estimated to be 
from thirty to sixty million degrees. 

ergs of energy 
per second, corresponding to a loss of about 4,000,000 
tons of mass per second. Of this vast amount of energy 
the planets and their satellites intercept about 1/120,000,- 
000, and the earth about 1/2,000,000,000, or 4.1 X 10le 
gram-calories per second. 

What becomes of all the solar radiant ener y except 

how the sun maintains this enormous output of energy 
without apparent impairnient of its resources, while in- 
teresting problems, will not be considered here. Rather, 
we shall confine our attention to the one 2-billionth 
part that is intercepted by the earth, and which is of 
vital interest not only because it is the source and the 
support of all life on the earth, but also because it is the 
source of weather and climate. 

The sun radiates, we are told, 3.79 X 

that intercepted by the planets and their sate fi ites, and 

A N N U A L  VARIATIONS I N  SOLAR RADIATION I N T E N S I T Y  RE-  
CEIVED B Y  T H E  EARTH 

The earth is a t  its mean solar distance of approximately 
93,000,000 miles twice each year-in 1931 on April 4 
and October 5. It WRS nearest to the sun on January 3, 
and farthest from it on July 6. The ratio of the longest 
to the shortest distance is 1.034, and since the radiation 
intensity varies inversely as the square of the distance 
from the radiating body, other things being equal its 
intensity early in January should have been nearly 7 
per cent higher than in early July. Therefore solar 
radiation received by the earth has an annual variation 
in intensity of about 7 per cent, and we in the Northern 
Hemisphere are now favored by the fact that the maxi- 
mum intensity occurs during our winter. 

Besides the annual variation in the earth’s solar distance 
there is also the annual variation in the sun’s apparent 
declination due to the inclination of the earth’s axis of 
rotation to the plane of the ecliptic, in consequence of 
which the position of the sun in the heavens coincides 
with the plane of the terrestrial equator at  the time of 
the equinoxes only. From March 21 to September 21 
the sun is north of the terrestrial equator, or its declina- 
tion is north, and during the remainder of the year it is 
south. During the summer months, therefore, the sun’s 
rays strike the surface of the earth in the Northern 
Hemisphere a t  a smaller angle from the vertical, and 
thus have a shorter path through the atmosphere during 
rnost of the day than during the winter months; also, 


